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SUMMARY 
The main objective of this work was to develop and validate a method for 
determining the stresses in, and the material properties of, the concrete 
in existing structures. 
In order to develop a semi-destructive test, circular jacks were built 
to load within holes of 150mm and 75mm diameter produced by coring in a 
concrete structure. Calibration tests were performed on slabs of 100mm 
thickness to determine the strains created by the load from the circular 
jacks. A new method of evaluating in situ Young's modulus was derived 
from these tests. The technique was extended to relate the amount of load 
required to restore the original strain field before coring to the 
initi~l stresses in the concrete at the cored position. A series of tests 
were performed on slabs of different shape and sizes under uniaxial and 
biaxial stress fields. The results indicate the method is reliable and 
can be used as a basis for full-scale testing of concrete structures. The 
150mm jack has been used successfully in the investigation performed to 
evaluate the level of stress in the linings of the existing part of the 
Channel Tunnel, which was built ten years ago. 
Numerical analyses based on the Finite Element Method, Infinite Plate 
Theory and Boundary Element Method were performed for comparison with the 
experimental results of the slabs. The strain release pattern under a 
uniaxial stress field and the response of the gauges to a . jacking load 
were simulated. General equations, based on the Infinite Plate Theory, 
were derived to relate the released strains around circular holes to the 
stresses before coring, assuming the material properties of the concrete 
are available. 
The stresses in a concrete block taken from the bottom slab of a 
prestressed box-girder bridge were assessed by loading the block after 
converting it into an octagonal form. A numerical model based on eight 
noded isoparametric plane stress elements was built and by comparing the 
results, Young's modulus and P~isson's ratio of the concrete were 
calculated. This method was extended to 150mm cores and provided an 
independent cross-check on the results from the jacking test. 
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CHAPTER ONE: INTRODUCTION 
1.1 Background to the work 
In the design and construction of any structure, it is always desirable 
to compare the actual stresses in the structure with those obtained from 
analysis. Also, it is wise for very important structures such as dams, 
high rise buildings and long span bridges to continuously monitor the 
residual stress levels as an early warning system to prevent a disaster. 
There are many methods of assessing residual stresses and depending on 
the m~terial which is used in the structure, the proper method can be 
chosen. Pressure cells have been used successfully in soil mechanics. 
Overcoring methods and flat or curved jacks have been used successfully 
in rock mechanics. Hole drilling techniques have been used successfully 
in metals with the help of electrical resistance strai~ gauge rosettes. 
However, none of these techniques are readily applicable to concrete 
structures due to the special nature of the material. Therefore, 
assessment.of residual stresses in concrete is the topic of this research 
and the idea is to develop a method for this purpose. 
The need for a reliable method for assessment of residual stresses in 
concrete structures is now more important than ever. For more than three 
decades structural engineers have enjoyed the use of concretes that can 
reach a high strength in a relatively short period of time. This has been 
achieved by using improved cements. Consequently, shuttering can be 
released earlier and concrete may be exposed to the environment sooner 
than it used to be and, because the higher strengths are often associated 
with higher free water-cement ratios than in the past, corrosion has 
become a major problem. Nowadays codes of practice specify more cover to 
steel reinforcement and a minimum cement content to fight against 
corrosion. There are also recommendations about the minimum length of 
time that concrete should be kept i~the shuttering or covered for curing 
purposes. There are methods of protecting concrete from environmental 
attacks and methods for finding areas which are suffering and possible 
causes for deterioration. The problem is, once the safety of a concrete 
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is in doubt, how to assess the level of residual stresses to 
against the allowable stresses. In the case of prestressed 
structures, bridges in particular, this is more important 
it is the level of existing prestressing force which holds the 
together. In these cases the structure will not undergo 
excessive deflection and raise the alarm because while there is some 
prestress left, the whole cross-section is active and the second moment 
of inertia 'is high. As soon as the prestress goes the structure may 
collapse under its own weight. 
As an example, the 18.3m span Ynysygwas bridge near Port Talbot, West 
Glamorgan failed in the early hours of a morning in December 1985 under 
its own weight(l). This post-tensioned segmental road bridge was built in 
1953. The reason for failure was later found to be the corrosion of post-
tensioning cables, possibly due to road salt which had found its way to 
the cables. Apparently West Glamorgan County Council Engineers had given 
the bridge a complete visual inspection the year before the accident 
happened and no visible signs of cracking or sagging were noticed. If the 
level of residual stresses had been assessed, the failure could have been 
predicted. In these sorts of structure, as soon as corrosion of cables is 
in question, assessment of the prestress level seems to be the only 
quantitative method of predicting the effect of corrosion and forming a 
basis for remedial measures. 
There is not any non-destructive technique which has yet been devised for 
measurement of residual stresses in concrete structures. The only way is 
to locally relieve stresses and then either measure the relaxation of 
strains or apply a force to restore the original strain field. The former 
reqUires a knowledge of the material properties of concrete. Concrete is 
a Composite material of hydrated cement and aggregate. Its material 
properties are affected by factors such as water/cement ratio, aggregate 
properties, curing and compaction. Although there are standard methods to 
measure the material properties of an existing concrete, there are two 
problems; often they do not represent the material properties of the 
concrete in the desired direction and the extra operation means time, 
money and an overall delay in the assessment of residual stresses. 
Restoring the' original strain field is the method which is going to be 
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considered in this work, and is referred to as a "Direct Method". This 
method not only provides the residual stresses but material properties 
such as Young's modulus and in some cases the Poisson's ratio can be 
obtained as a by-product of the method. 
1.2 Relationship to other research 
The long-term losses of prestress caused by creep and shrinkage of 
concrete were investigated by Buchner(2) and Buchner et al(3) as part of 
two fU~l-scale experimental studies. Comparisons were made between the 
measured prestress losses and values predicted by a number of 
international codes of practice. These studies indicated that the long-
term losses were double the predictions considered in the original design 
calculations. 
Subsequent testing by Lindsell Qnd Buchner(4) has demonstrated that 
prestress losses in 
In contrast, results 
and pretensioned 
expectations(5,6). 
post-tensioned segmental structures may exceed 40%. 
obtained from monolithic post-tensioned bridge beams 
bridge beams have been close to design 
FOllowing these field investigations, Lindsell and Buchner(7) developed 
an indirect technique for estimating existing concrete stresses. This 
method was based upon the drilling of instrumented concrete cores in 
concrete slab elements under various stress states. The major 
disadvantage of this method was that material properties of the concrete 
had to be found either by core testing or other conventional methods. 
There was no attempt at reloading the stress relieved structure to 
determine the material properties in situ and this is the main difference 
between the two lines of research. It so happened that the two methods 
became complementary to each other. The close collaboration produced 
practical methods for assessing full:scale structures. On two occasions 
the research team was involved in the determination of residual stresses 
in the linings of the Channel Tunnel(8-9) and once in the determination 
of residual stresses in the bottom flange of a post-tensioned concrete 
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box-girder bridge near Wentbridge in Yorkshire(lO). 
1.3 Objectives of the programme 
Previous work by Lindsell and Buchner(4,6) had shown that coring 
circular holes in concrete to provide a local stress release was a 
practical method of assessing residual stresses in existing structures, 
but relied upon realistic values for material properties. Therefore 
attention was focused on devising means of reloading the hole and core 
produced by the coring operation to provide this vital information. 
Objecti~es of the programme were as follows: 
a) Devise a method for reloading the circular holes and cores. Using 
the loads required to re-establish the original strain field, 
estimate the stresses in the concrete before coring. 
b) Measure material properties of concrete, Young's modulus and 
Poisson's ratio, using the devised tests. 
c) Develop theoretical analyses to support the experimental results, 
based on the Finite Element Method, Infinite Plate Theory and the 
Boundary Element Method. 
d) Perform a theoretical and experimental parameter study. The 
experimental side of this study would be very limited because of 
time and funding limitations. 
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2.1 Introduction 
There are a number of methods for the assessment of residual stresses in 
rocks and in steel structures, but in the case of concrete there are only 
one or two in use. Most of these methods are based on deformation 
measurements rather than stresses. Some use pressure cells as sensor 
devices. In this Chapter, the devices which have been used for 
measurement of strains in concrete structures are discussed. As the 
material properties of concrete and rocks are similar, the methods 
available for the assessment of residual stresses in rocks are examined 
and compared with the methods available for concrete structures. This 
study concentrates on the methods which apply forces to restore the 
original strain field, in other words "Direct Methods", but for 
completeness indirect methods are also summarised 
2.2 Strain measurement on concrete 
Strain gauges have been widely used by different investigators for strain 
measurement in all sorts of materials and the limitations of the gauges 
are generally known. Factors which are important in choosing a suitable 
strain gauge are gauge length, accuracy, range, surface condition of the 
concrete, environmental effect and methods of data acquisition. Among 
these factors, gauge length is vital due to microcracking and local 
irregularities, and a normal minimum is about five times the maximum 
aggregate size. 
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2.2.1 Demec gauges 
DEmountable MEChanical strain gauges were developed at the Cement and 
Concrete Association(11,12). The system is based on a dial gauge mounted 
on an Invar bar. Invar has a negligible coefficient of thermal expansion. 
The bar has two poi nts at either end as supports, one is fixed to the bar 
and the other can rotate to accommodate movement. To read the dial , these 
points are held against locating discs fixed onto the concrete, Figure 
2.1. Changes between dial readings are mu ltiplied by the gauge factor to 
obtain the strain in the structure. The locating discs are referred to as 
Demec pips and are normally made of stainless steel to reduce weathering 
effects .' 
Figure 2. 1 
A Demec gauge in use 
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Hard Plastic Padding or Araldite are commonly used to mount Demec pips to 
the surface of concrete using a setting-out gauge bar. It takes about 
twenty minutes for Plastic Padding to set under laboratory conditions and 
it can even stick to a moist surface. ,The surface should be free of dust 
and grease. In order to improve the accuracy of readings, pips should be 
in the same plane and to achieve this sometimes the irregularities on the 
surface are removed with a small chisel. 
The skill of the operator is an important factor to reduce experimental 
errors. It is recommended that the operator should choose a comfortable 
position and if possible rests the sides of his hands on the structure. 
The gauge also should be held the same way round each time to reduce the 
effect of positioning. The amount of pressure exerted by the operator 
should be just enough to ensure good contact between the points and the 
holes in the Demec pips, any increase would cause wear of the pips and/or 
the instrument. The normal procedure to avoid parallax errors should also 
be fOllowed. 
Demec gauges come in a variety of gauge lengths. These include 50, 100 
and 200mm; longer gauge lengths are also available. Demec gauges can 
accommodate' change up to ±lmm which corresponds to relatively high 
strain readings. 
It is normally desirable to read a gauge at least three times'.to avoid 
any Possible errors due to the way the Demec gauge is held. With practice 
the dial can be read to half a division and the corresponding strains are 
10, 8 and 4~s for gauge lengths of 50, 100 and 200mm accordingly. 
Morice and Base(ll) have stated that an accuracy of ±3~s can be obtained 
with due care. 
In general, Demec gauges are practical and provide quick but relatively 
aCCurate values for strains. Temperature and moisture variation do not 
affect the gauge readings. It is a difficult and tiresome task to take 
Demec measurements when the number of readings is high. Also, it is not 
always Possible to find a comfortable' position at all, and as time passes 
the quality and the performance of the operator in gauge reading goes 
dOWn. 
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2.2.2 Vibrating wire gauges 
Vibrating wire (VW) gauges or acoustic gauges are based on the principle 
that a steel wire of a particular length and cross-section under a known 
tension will have a defined natural frequency. If the length varies, the 
tension will change, therefore the natural frequency will alter. Hence, 
measuring the natural frequencies will indicate changes in the length. 
Gauges in this category are sensitive to temperature variation and by 
mounting a temperature coil on them measurement of temperature is done 
simultaneously. It should be mentioned as concrete and steel have similar 
coefficients of thermal expansion, if the temperature changes are equal 
there is .no need to adjust the gauge reading for temperature changes read 
by the gauge. 
In Figure 2.2 a sketch of the gauge and the way it is connected to the 
temperature and read-out box is shown. The wire is plucked by passing a 
short pulse through the coil of the magnet, then the same coil is used to 
measure the frequency of the wire. The gauge length is set by clamping 
the end blocks on a metal plate. The adjusting nut, and the locking 
collar are then used to fix the length so that the gauge can be removed 
from the plate. Subsequently the wire will be tensioned to an optimum 
frequency. The gauge should be left for a few days afterwards, because 
some relaxation of stress will take place in the wire. This is specially 
important if the gauge is going to be used for long term observations. 
The optimum frequency differs according to the gauge length and the 
antiCipated range of readings for each job. Care should be taken not to 
alter the gauge length while mounting gauges on the surfa~e of concrete. 
The surface should be free of dust, grease and irregularities. Again hard 
Plastic Padding is used for sticking the gauges to the concrete surface. 
When Plastic Padding sets the locking collar is opened and the steel tube 
slides freely between the blocks leaving the wire to vibrate and reflect 
changes in length. 
It is possible to connect a number of vibrating wire gauges to a data 
logger to improve speed and method of data acqu i s it ion. One. of the 
important features of VW gauges is that the length of cable will not 
intrOduce any change in the frequency readings. This is particularly 
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useful when the gauges have to be monitored from a distance. Situations 
like this occur when the gauges are buried deep into the concrete or when 
monitoring of a demolition operation is required. 
(a bl e 
~net & coil Steel tube 
Anchora e 
nut t1=;:::=~t-L~=::::f=l-t-
Temperature 
box 
Tension adjuster End block 
Figure 2.2 
Schematic arrangement for a VW gauge 
Read out 
box 
Vibrating wire gauges of lengths 64 and 140mm were used in this 
investigation. These gauges are manufactured by Gage Technique Ltd. of 
Trowbridge. Safier(13) has examined these gauges and verified their 
reliabilities. Accuracies of ±3~s to ±6~s for high and low frequencies 
have also been mentioned. Hornby(14) has indicated that if there is a 
change of 1% in the gauge length, mass per unit length of wire and its 
modulus of elasticity, an error of 4% would be introduced in the 
frequency interpretations. Hornby has also stated an accuracy of ±10~s 
and a range of ±2000~s for a VW gauge of 125mm in length. The range for 
64 and 140mrn gauges are similar to that of 125mm gauge. 
In general, vibrating wire gauges are highly practical and robust. It is 
easy to fit them and read them. Finally, by using a data logger and a 
micro computer, data acquisition is enhanced dramatically. 
2.2.3 Electrical resistance strain gauges 
The electrical· resistance of all conductive materials changes due to 
changes in their length. This happens when a conductor is stretched 
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elastically. Based on this principle highly accurate gauges are built. 
Accuracy of O.I~s is typical for these sorts of gauges. Gauge lengths of 
0.2mm up to 150mm are available. One major draw back of their use for 
stress analysis in concrete structures is in the amount of work required 
for surface preparation. 
As resistance is the critical factor in these gauges, special care has to 
be taken when gauges are read from a distance via a cable. The effect of 
cable length is more important in cases when it forms part of the 
measuring circuit. Curing requirements of the adhesives used for 
electrical resistance gauges (ERS) are more rigorous than just mixing 
Plastic Padding with hardener. Moisture is a particular problem for the 
gauge a~d its adhesive. Although it is possible to protect the gauges 
from environmental effects, the sealing process can create a large waste 
of time and money. All coring operations are carried out with cooling 
water, therefore the cables and gauges would have to be insulated, and 
this would put the stability of ERS gauges in doubt for this sort of 
app 1 i cat i on. 
In general,. although ERS gauges are very accurate they are primarily 
built for laboratory conditions and not specifically for concrete. It is 
Possible to use them for concrete but the amount of work involved in the 
preparation and mounting is far more than the time required for VW 
gauges or Demec gauges. It should be remembered when un~ertaint;es due to 
creep, shrinkage and effects of reinforcement are present, having a 
highly accurate gauge will not necessarily improve the accuracy of the 
results. 
2.3 Current methods in rock 
The material properties of rocks are .. to some degree similar to those of 
concrete therefore it is particularly important to examine the latest 
teChniques in this area of research. Of these methods, some are more 
relevant to the subject of the present study, namely those which 
incorporate loads or pressure on the rock structure to restore the 
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original strains before release. The indirect methods are also 
summarised. 
2.3.1 Flat jacks 
This method was first used in France by Mayer et al(15) and Tincelin(16). 
In this method, the displacements in the rock created by cutting a nearby 
slot were measured. The slot was made by overlapping drilled holes. These 
disPlacem~nts were later nullified by pressurising a flat jack cemented 
into the slot. The flat jack was a thin, approximately square hydraulic 
pressure cell. The pressure required to restore the original readings was 
assumed to be equal to the stress in the rock before the slot was cut. An 
outline arrangement of instruments, slot and flat jack is shown in Figure 
2.3. 
Some investigators have used this method with minor variations in the way 
that they have measured the change in strain or deformation of the rock 
but basically the method is the same. For example, Panek(17) used ERS 
gauges cemented in drilled slots, while Tincelin, Mayer and others used 
reference pins and an extensometer. 
In the flat jack method, it is possible to obtain the stresses in a 
biaxial field. If the principal stress/strain directions are known, two 
slots perpendicular to each direction are required to compute the 
residual stresses in the rock. If the principal stress/strain directions 
are not known, three slots are required to compute the residual stresses 
in the rock. 
Rocha et al(18) used a diamond disc to produce a slot. As a consequence 
the disturbance in the rock mass was reduced and the slot had a well 
defined shape with a very small width~(5mm). In this case, the flat jack 
was in direct contact with the faces of slot. There was no need to 
cement the flat jack and it could be used again. Therefore tests by this 
technique were quicker and less expensive. This method is illustrated in 
Figure 2.4. 
Page 11 
CHAPTER TWO: CURRENT METHODS FOR ASSESSING STRESS 
The following assumptions are important in the flat jack method. 
a} The rock behaves elastically but not necessarily linearly. 
b} The original strain field in the rock before cutting the slot will be 
restored by the pressure in the flat jack. 
c} The pressure in the flat jack at the stage in item "b W is equal to the 
stress in the rock, before the slot was cut, normal to the plane of the 
slot. 
d} The magnitude of stresses is uniform over the relieved area. 
!.t-Vibrating wire gauge 
To pump 
V ibrating wire gaug e 
o 6 12 16 
tiiad._' J 
SCAlE,lNCHES 
Figu.re 2.3 
Flat jack and instrumentation 
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Figure 2.4 
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Bonvallet and Dejean(19), using the Finite Element Method and adopting 
Rocha's approach, have investigated the flat jack method. In their 
analysis, they have used a Young's modulus of 2kN/mm2 and a Poisson's 
ratio of 0.15 to 0.40. The effect of shear and transverse stresses are 
simulated by their numerical model. Their findings are as follows. 
a) The effect of transverse stresses on the equilibrium of normal 
stresses is negligible, at least up to 5N/mm2• 
b) Shear stresses can cause an error up to 9%. This happens when the 
slot is not cut in a principal plane. 
c) Youngl,s modulus can be obtained if strain measurements are carried out 
in the median axis of the slot and if the Poisson's ratio does not exceed 
0.3. This applies only to the device and method adopted. 
2.3.2 Curved jacks 
Jaeger and Cook(20) have used flat jacks bent into the form of a 
quadrant of a circle in order to insert them into the ring cut by a 
diamond core drill bit. The method is illustrated in Figure' 2.5. The 
jacks A and B are used as sensing devices. Before overcoring the central 
hole, jacks A and Bare pressurised.up to a pressure "P". Then by 
overcoring, a drop in jack pressure is observed. Finally, jacks C,D,E 
and F are inserted in the outer ring and pressurised until the original 
pressure "p" in jacks A and B is restored. Jacks on opposite sides of the 
ring work in tandem. The required pressures in the outer ring jacks, 
IP 1" and lip II 2 ' are then related to the pressure IIp li of the jacks in the 
central hole, the principal stresses in the rock before coring "61" and 116 II 2, and the angle between the central hole jacks and the principal 
stress direction~. The following equation shows the relationship of the 
above variables which is presented bY-Jaeger and Cook. 
• ••• (2-1) 
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Zone ri contact 
Inner curved Jacks A and B 
Figure 2.5 
Configuration of curved jacks 
The central hole is then extended and the jacks A and B are inserted 
along a new direction. The above procedure is carried out three times to 
solve for the three unknowns. 
Alternatively, the principal directions can be determined by pumping the 
central hole jacks sufficiently enough to cause fracture of the rock. The 
tangential stresses induced by the curved jacks at the edge of the hole 
are as follows: 
O~=O in contact with the jacks 
O~=-P out of contact area of the jacks. 
The least tangential stress at the edge of the hole is in the direction 
of the higher compressive principal stress and it is equal to 301-°2. If 
this direction falls in the zone out of contact with the jacks, failure 
will OCcur and can be observed in the annulus taken out of the· hole by 
overcoring. When the principal stress directions are known, procedures 
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for using the inner and outer jacks can be performed twice along these 
directions to solve for 01 and 62, 
This method can be performed in boreholes of 100mm in diameter and up to 
6 meters in depth. Assumptions with regard to this method are as 
follows: 
a) The third principal direction is aligned in the direction of the 
borehole. 
b) Rock behaves in a linear elastic manner and is assumed to be an 
infinite body. 
c) The curved jacks distribute the pressure uniformly to the boundaries 
of the holes. 
Helal and Schwartzman(21) have developed a similar technique. In their 
method, the core of the central hole is taken out and replaced by a cell 
which has three pairs of transducers along its length at 60 degree 
intervals. Transducers are fixed to a steel envelope and touch a flexible 
rubber membrane. This device is known as a Cerchar cell. The rubber 
membrane is placed into contact with the borehole wall using pressurised 
nitrogen gas. Then, while keeping the pressure constant, the central hole 
is overcored. Later, three pairs of curved jacks are installed in the 
ring produced by overcoring, opposite the three pairs of transducers. 
The curved jacks are then pressurised until the original readings of the 
transducers before the overcoring operation are obtained. The stresses 
are then derived from the pressures of the jacks. In this system, before 
the overcoring operation, it is possible to assess the elastic properties 
of the rock by a number of loading and unloading cycles of the cell. 
The laboratory tests performed by Helal and Schwartzman were on prisms of 
limestone, sandstone and concrete. It is interesting to note that the 
response of the concrete prisms was linear. 
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2.3.3 Borehole s;mulators 
In this method, pressures required for reloading a stress relieved core 
to give a null reading on the strain measuring devices are related to the 
original stresses in the rock before coring. Figure 2.6 shows the plan of 
a simulator developed by Owens(22). Diametrically opposed jacks have a 
common hydraulic system. Jacks A and Bare pressurised up to pressures P 
and 0 respectively, until a null reading on the strain gauges is 
obtained. Then the original stresses in the rock are related to P and 0 
by the following equations. 
61= 1.18P - 0.290 
62=~0.29P + 1.180 
• ..• (2-2) 
•..• (2-3) 
Where 61 and 62 are principal stresses in the rock before coring. The 
following assumptions were made in obtaining the above equation: 
a) Rock behaves as a linear elastic material. 
b) Displacement in the rock is a function of principal stresses and 
Young's modulus of the form 
c) Displacements in the core are a function of pressures P and Q, which 
are applied along principal stress/strain directions, and Young's modulus 
of the form 
U=g(P,O)/E. • .•• (2-5) 
The difference between the loading of item "b" and "c" is shown in Figure 
2.7. It can be seen that it is practically impossible to reproduce the 
loading system in item "b". Equating displacements U from equations (2-4) 
and (2-5) automatically cancels Young's modulus from the analysis. The 
result is a set of simultaneous equat10ns, (2-2) and (2-3), which relate 
the pressures to the original stresses. It should be mentioned that the 
coefficients of the simultaneous equations are a function of the half 
loading angle and core diameter, in this case 39.75 degrees and 165mm 
D:ono 11: 
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respectively. 
Figure 2.6 
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It was mentioned by Owens(23) that for rock with elastic modulus greater 
than 35kN/mm2 if the original strain is restored, some 99.5~ of the 
original stress is required. In Figure 2.8 the corresponding graph is 
reproduced from reference 23. 
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Figure 2.8 (Ref. 23) 
Restoring original strain in hard rock 
Another device of this kind was developed at the Council of Science and 
Industrial Research in South Africa(24). In this method, Stress relieved 
Cores obtained by the indirect method using borehole end overcoring with 
a Doorstopper gauge is reloaded along principal directions. Basically, 
the pressures are applied in a similar manner to the method in Figure 
2.7. Diametrically opposed jacks are pressurised until a null reading is 
obtained in the Doorstopper gauge, then the following equations are used 
to obtain the original stresses in the rock. 
51 = O.909P - O.109Q 
62 = -O.109P + O.909Q 
•••• (2-6) 
•••• (2-7) 
The difference b~tween these equations and those given by Owens is due to 
the size of the core, position of gauges and absence of the central hole. 
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2.3.4 Indirect methods 
In these methods the locally released strains in the rock are related to 
the original stresses by incorporating material properties of the rock, 
ie Young's modulus and Poisson's ratio. 
Normally, it 'is assumed that rock is a homogeneous, isotropic and 
continuous material. It is also assumed that rock behaves linearly and to 
a great extent elastically. The relationships between the released 
strains and the original stresses are then obtained from the theory of 
elasticity. These relationships are normally checked or modified by 
laboratory tests. However, the in situ material properties of the rock 
have to be measured experimentally for each particular site. In this 
section these methods are summarised. 
2.3.4.1 Simple relief techniques 
First used by Lieurance(25), this method is intended for measurement of 
Surface stresses. Release of surface stresses is obtained by overlapping 
drill holes up to a depth of 750mm and the changes in strains are picked 
up by an array of reference pins. In Figure 2.9, the approximate size of 
the block and array of reference pins is shown. Having obtained the 
modulus of elasticity of the rock from a core taken from the released 
area, conventional strain/stress equations are then used to calculate the 
stresses. The releases of stresses in the rock can also be achieved by 
Using a rocksaw or by drilling a ring of overlapping holes. 
2.3.4.2 Overcoring methods 
These methods are used when the magnitude and direction of stresses are 
required at a point not on the surface of a mining tunnel. In Figure 2.10 
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different stages of these methods are shown schematically. At first, a 
core is drilled parallel to one of principal stress directions to the 
point that the stresses are required, Figure 2.10a. Then after taking out 
the core, the resulting borehole end is ground to provide a flat surface, 
Figure 2.10b. Depending on the method of measurement then either the 
borehole end is instrumented, Figure 2.10c, or a concentric hole is 
drilled 'and the inside of this is instrumented, Figure 2.10d. At this 
stage a datuM reading is taken and is immediately followed by 
overcoring, as shown in Figs. 2.10e & f. Changes in the readings are then 
related to the original stresses with the knowledge of material 
properties of the rock. 
measuring device 
Figure 2.9 
Simple relief method 
( bl 
measuring device 
(d I 
." .. l .. 
,. Stress relieved rock 
Figure 2.10 
Stages of overcoring 
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Among the borehole end methods are Leeman 1 s(26) IIDoorstopper ll and Hawkes 
and Moxon 1 s(27) IIPhoto-elastic biaxial gauge ll • 
Methods that require a concentric hole within the first borehole can be 
divided into three groups. 
a) Methods which measure deformations in the diameter of the cross-
section of the ~maller hole. Deformation gauges that use the Maihak cell 
have been successfully used, reported by Leeman(28), Jacobi(29) and 
Everling(30). There are also other deformation gauges that have been 
developed at the Council of Science and Industrial Research of South 
Africa, reported by Leeman(31,32), and at the U.S. Bureau of Mines 
reported ~y Merrill and Peterson(33), and Obert et al(34). 
b) Methods which incorporate devices calibrated to evaluate stresses, 
namely stressmeters. Such stressmeters have been developed by Hast(35) 
and Wilson(36). 
c) Methods which measure strains on the inside of the smaller hole and 
the complete state of stress can be obtained. At the Council of Science 
and Industrial Research of South Africa, Leeman(37) has developed such a 
cell which uses nine ERS gauges and measures strains at three points in 
the borehole. 
2.4 Current methods ;n concrete 
Based on the ideas used in rock mechanics, investigators have tried to 
invent or even adapt a method for measurement of stresses in concrete 
structures. It should be mentioned that the methods used in metals are 
also of interest and coring methods based on hole drilling techniques in 
metals have similarities to the work done by Buch~er(38). 
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2.4.1 Flat jack 
The only Direct Method in use for concrete structures is based on a flat 
jack method developed by Rocha(18). The adaptation for concrete has been 
made by Abdunur(39). A diamond disc 300mm in diameter, with a special 
cooling system for dry cutting, mounted on an apparatus for precision 
cutt ing up to ·O.lmm has been deve loped. The techn i que is bas i ca lly the 
same as that used in rock mechanics, the pressure required to re-
establish the original strains or displacements being equal to the stress 
before cutting the concrete. At least three slots are needed to build the 
MOhr's circle of stresses when the principal stress directions are not 
known. 
The investigation by Abdunur has indicated that tensile stresses can also 
be assessed in addition to compressive stresses. The effect of cutting 
through reinforcement has also been looked into. Figure 2.11 from Ref. 
(39) shows the effect of cutting the reinforcement. As it can be seen, 
loading, the line identified by "stress", is not affected but the 
displacement is affected by cutting through the reinforcement bar. 
/ e 
0 Displacement 4!J ~ 
• Stress I / .... c: 
2 
i (~--: C1I 30 e C1I u 
t:J ./<~.---. --- Q. VI 20 0 
./ /1 
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Figure 2.11 
Cutting through reinforcement bar at depth Za 
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Abdunur has performed tests on plexiglass, using photo-elasticity and the 
Moire technique, to study the effect of the slot in a homogeneous and 
isotropic material. He has also used finite element models to compare the 
results. It is not mentioned directly that concrete is assumed to behave 
in a linear elastic manner, but the idealised models used in the analysis 
are all based on this assumption. 
2.4.2 Coring methods 
Different· investigators are working on this approach, Cordes(40) and 
Buchner(38) are known to the author. As a matter of fact there is close 
collaboration between the work of Buchner and the present investigation. 
Primarily this kind of approach has been used not only in rock mechanics 
but also in metals as well, the differences are in the position and size 
of the gauges and the size of the hole. The corresponding method in 
metals is referred to as the hole drilling technique(41,42). 
In general, the coring method consists of instrumenting the surface of 
concrete on and around the position that a core is going to be drilled. 
The coring operation is performed with a diamond core bit and water is 
used as a coolant. The effect of moisture and swelling of the concrete 
is more pronounced on the core than around the hole, simply because of 
the size effect and the amount of water absorbed by the core. The smaller 
the core becomes the more the water causes swelling. In this method a 
knOWledge of material properties of the concrete is required to convert 
the released strains to the corresponding stresses in the concrete before 
coring. The minimum gauge length is a function of the maximum aggregate 
size. The effect of creep recovery, shrinkage, locked-in stresses and 
reinforcement are also factors which may have significant effects in the 
analYSis of the stresses. 
Buchner uses Demec gauges on the core and across the hole. An array of 
vibrating wire gauges is also used around the hole. The investigations 
are performed on ,cores of size 150 and 75mm in diameter. In Figure 2.12 a 
tYPical arrangement of the gauges is shown. One of the important features 
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of this approach is the number of different ways that the stresses can be 
assessed. Also, for each set of gauges, there are redundant gauges which, 
by the use of the least-squares method derived by Lightfoot(43), can be 
incorporated in the analysis and consequently increases the accuracy of 
the results. 
Already this method has been used in the investigation of the magnitude 
of residual stresses in a number 
Linings of the Channel Tunnel(S,9), 
and prestressed concrete beams(6). 
of different concrete structures, 
prestressed concrete bridges(4,lO) 
t 
-, ° t ., 0/," 
• • 03 0 2 
Figure 2.12 
Typical pattern of strain gauges used by Buchner(3S) 
2.5 Conclusions 
It seems that Demec gauges and vibrating wire gauges are more suitable 
for concrete structures. These gauges are stable and reliable. They are 
easy to install'and the amount of surface preparation is less than that 
of ERS gauges. The minimum gauge length for concrete structures is about 
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. th«t 
flve to six timesAof the maximum aggregate size. Demec and vibrating wire 
gauges of these lengths are commercially available. 
Although, there are numerous methods for the assessment of stresses ;n 
rocks, the number of methods in concrete is limited. The flat jack 
method, adapted by Abdunur(39) from rock mechanics is one of the early 
methods. Simple release methods are also in use. Buchner(38) has 
considered a number of different patterns of strain gauges on two hole 
sizes and the method has been used in a number of practical cases. 
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3.1 Introduction 
Structural engineers are interested to know the stresses in their 
concrete structures due to applied live and dead loads. Unfortunately, 
when stresses are locally released, the change in the strain gauge 
readings is not purely due to elastic unloading. Other effects complicate 
the strain measurements such as locked-in stresses due to shrinkage, 
creep recovery of concrete and expansion of the concrete due to water 
used as a'coolant in the drilling operation. If any reinforcement is cut, 
it will also contribute to the change in the strain gauge readings. This 
Chapter examines the likely effect and the relative importance of these 
factors. 
3.2 Creep 
Concrete under sustained loads, deforms further with time. This behaviour 
of concrete is due to creep. Deformation of concrete with respect to time 
under a constant load is shown in Figure 3.1. The immediate strain is 
normally referred to as "Elastic Strain", followed by a time dependent 
strain referred to as "Creep Strain". Upon removal of the load, concrete 
undergoes an elastic unloading referred to as "Elastic Recovery", 
followed by a time dependent recovery referred to as "Creep Recovery". 
Both the elastic and creep recoveries are less than the elastic and creep 
strains, one reason is due to the increase in the magnitude of elastic 
modulus of concrete with time. 
Creep of concrete can be divided into two parts, "Basic Creep" and 
IIDrying Creep". Basic creep refers to that part of creep when there is no 
mOisture movement to and from the environment, and the rest is due to 
drying creep. Creep of concrete is normally defined in terms of specific 
creep, which is the creep strain for unit stress. Creep of concrete may 
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also be expressed in terms of the creep coefficient, which is the ratio 
of creep strain to initial elastic strain at the time of loading. There 
is another way of representing creep referred to as the compliance 
function, which is the sum of specific creep and elastic strain for unit 
load at the time of loading. 
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Figure 3.1 
Strain history of concrete under load 
3.2.1 Mechanism of creep 
There is not yet a theory that can explain a mechanism for creep of 
concrete which covers all the cases, although, the interaction of water 
and cement paste under load is thought to be the cause of creep(44), 
there is disagreement on the role of each one. It is not clear whether 
the movement of water in the pores causes the creep or whether it is the 
movement of gel particles, facilitated by the existence of water. 
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3.2.2 Effect of variables 
Creep of concrete is affected by a number of different factors. Some of 
these factors are due to the composition of concrete, such as: aggregate, 
cement, additives and mix proportions. However, both physical and 
environmental conditions affect concrete, such as: size and shape of 
specimen, magnitude of stress, humidity and temperature. The overall 
magnitude of creep is particularly influenced by the maturity of 
concrete, which affects the strength of the concrete at the time of 
loading. 
Cement-paste content: The sum of the volumes of cement and water 
divided by the volume of concrete is referred to as cement-paste 
content. Creep of concrete increases with an increase in cement-
paste content. 
Aggregate: Creep of concrete varies depending on the type of 
aggregate which has been used. With some reservation, creep of 
concrete- increases with the use of different types of aggregate in 
the following order: Limestone, Quartz, Granite, Gravel, Basalt and 
Sandstone(45). The higher the modulus of elasticity of aggregate, 
the smaller is the creep. Size, shape, grading and surface texture 
of aggregate do not affect the creep directly, but through their 
effect on the amount of water required for workability. 
Cement: Creep of concrete varies depending on the type of cement 
which has been used, through its effect on the rate of hardening of 
concrete. For concrete of the same mix proportions under the same 
stress at the same age, creep increases with the use of different 
typesof cement in the following order: High alumina, rapid hardening 
Portland, ordinary Portland, Portland blast furnace, low-heat 
Portland and Portland-pozzolan cement(46). 
Additives: Creep of concrete is not directly affected by the use of 
additives, _ but through their effects on water required for 
workab il ity, rate of harden ing, cement-paste content and other 
factors. 
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Water-cement ratio: Increase in water-cement ratio causes a 
reduction in strength, hence a reduction in elastic modulus and an 
increase in cement-paste content, assuming cement content has not 
changed. Both of these changes lead to an increase in creep. 
Size and shape: In general the larger the concrete section, the 
smaller the amount of drying creep. As far as the shape is 
concerned, if the nominal thickness of the specimen increases, the 
creep will decrease. The nominal thickness is defined as either the 
ratio of the volume to exposed surface area or twice the ratio of 
the cross-sectional area to the exposed perimeter. 
Stress: Creep of concrete increases as the load increases. This 
relationship is approximately linear up to stresses of about 40~ of 
the cube strength of concrete at the time of loading. For two 
different concretes, but with the same cement-paste content, if the 
ratios of applied stresses to the strength of concretes are the 
same, similar creep can be expected. For high ratios of 
stress/strength, creep increases more rapidly due to formation of 
microcracks. 
Duration of load: Duration of loading increases the amount of creep. 
Different functions have been used to relate the duration' of the 
load to creep strain, such as single power, double power, 
logarithmic, exponential and hyperbolic functions. 
Humidity: In general, creep rate of concrete reduces as the relative 
humidity increases. 
Temperature: In general, creep of concrete increases as the ambient 
temperature increases. 
Maturity: Temperature history .pf concrete is referred to as 
maturity. The effect of maturity is indirect and normally is due to 
development of strength at the time of loading. 
Page 29 
CHAPTER THREE: STRAIN CHANGES IN CONCRETE STRUCTURES 
3.2.3 Creep recovery 
When stresses are relieved, concrete undergoes an immediate elastic 
recovery, followed by a time dependent creep recovery. One of the 
simplest methods to estimate the creep recovery is based on the principle 
of superposition, proposed by McHenry(47). Based on this principle, creep 
recovery is equal to the creep of the same concrete under the same load 
if it had been loaded at the time of unloading without being previously 
loaded. The residual strain is then equal to the difference of the creep, 
if the load had not been taken away, and the creep recovery, Figure 3.2. 
Although' th i s method cannot fu 11y exp 1 a in the creep recovery, the 
predictions obtained are reasonable for design purposes. 
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Shrinkage is the volume contraction of concrete under no load. The main 
SOurces of shrinkage are loss of water by evaporation or hydration of 
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cement and carbonation. Shrinkage of concrete can be divided into three 
parts, IIInitia1 Shrinkage ll ,IIDrying Shrinkage ll and 
Shrinkage ll • 
IICarbonation 
Initial shrinkage: There are two forms of initial shrinkage, plastic 
shrinkage and.autogenous shrinkage. Plastic shrinkage happens by loss of 
water before the cement-paste sets. 
absolute volume of dry cement(48). 
Its magnitude is about 1% of the 
To reduce this deformation, the 
surface of the concrete should be covered. Autogenous shrinkage is due to 
vOlume contraction because of the water used in hydration, so it happens 
without loss of water to the environment. Its magnitude is about 50-
100 microstrain(48). 
QrYing shrinkage: Loss of water from concrete to the unsaturated 
environment causes drying shrinkage. Part of this contraction is 
irreversible even if concrete is stored back in water, Figure 3.3. The 
irreversible part seems to be due to the formation of additional physical 
and chemical bonds in the absence of adsorbed water. 
c: 
o 
...... 
OJ 
C 
... 
..... 
c: 
o 
U 
I 
I 
I 
I 
I 
I 
Storage 
---- in air 
In water 
/' 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
",-
,-
/' 
/' 
,,-
",-
.... 
,,-
I I Dry in g shrinkage 
/ 
I 
I 
/ 
Time 
Figure 3.3 
Drying shrinkage 
Paoe 31 
Rever)ible 
s hri nkog e 
(Wetting expansion) 
Irrevers i ble 
shrinkage 
CHAPTER THREE: STRAIN CHANGES IN CONCRETE STRUCTURES 
Carbonation Shrinkage: The gas CO2, present in the atmosphere, and the 
moisture, present in concrete, form carbonic acid. The reaction between 
Ca(OH)2 of cement-paste and the carbonic acid produces CaC03, which is 
denser and causes volume contraction of concrete and is referred to as 
carbonation shrinkage. An important effect of carbonation is the removal 
of alkalis from the concrete which protect the steel bars, followed by 
corrosion of steel and cracking of concrete. Carbonation will stop in the 
absence of water or if CO2 cannot diffuse into the concrete. So a 
concrete of low permeability is less prone to carbonation shrinkage. This 
can be obtained by making a concrete with low water-cement ratio or with 
more cement and longer curing time. 
3.3.1 Effect of variables 
Shrinkage of concrete is affected by the same variables which affect 
creep, in a rather similar way. 
Cement-paste content: The sum of the volumes of cement and water 
divided by the volume of concrete is referred to as cement-paste 
content. Shrinkage of concrete increases with an increase in 
cement-paste content. 
Aggregate: An important role of aggregate is to restrain the 
shrinkage in concrete. An increase in aggregate content causes 
reduction in shrinkage for the same water-
cement ratio. The type of aggregate influences the shrinkage of 
concrete. As a matter of fact, it is the modulus of elasticity of 
aggregate which is important. Tests performed by Troxell et al(45) 
on concretes of fixed mix proportions but made with different types 
of aggregate have shown that the ~hrinkage of concrete increases in 
the following order: Quartz, Limestone, Granite, Basalt, Gravel and 
Sandstone. Size, shape, grading and surface texture of aggregate do 
not affect the shrinkage directly, but through their effects on the 
amount of water required for workability. 
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Cement: Shrinkage of concretes made with the same mix proportions 
but using different types of cement increase in the following 
order: Ordinary Portland, high alumina with a faster rate, rapid 
hardening and low-heat Portland cement(46). 
Additives: Shrinkage of concrete is not directly affected by the use 
of additives, but through their effects on the amount of water 
required for workability which changes the cement-paste content. 
Water-cement ratio: Increase in water-cement ratio, for the same 
cement content causes an increase in cement-paste ratio, hence an 
in~rease in shrinkage and also an increase in carbonation shrinkage 
caused by increased permeability of concrete. 
Size and shape: In general the larger the concrete section, the 
smaller the amount of drying shrinkage. As far as the shape is 
concerned, if the nominal thickness of the specimen increases, the 
shrinkage will decrease. The nominal thickness was previously 
defined in section 3.2.2. 
Stress: Although shrinkage is supposed to be independent of load, 
the total deformation due to creep and shrinkage in the presence of 
an applied load is more than the sum of the effect due t6 creep and 
shrinkage individually. 
Humidity: As drying shrinkage is due to loss of water to the 
environment, the higher the relative humidity, the lower the drying 
shrinkage. From the point of view of carbonation shrinkage, at very 
low and very high relative humidities carbonation shrinkage is 
lower. 
Duration of drying: Duration of drying increases the drying 
shrinkage. Different funct ions .. have been used to re late the drying 
period to the drying shrinkage, such as exponential, hyperbolic and 
even logarithmic functions. 
Temperature: In general, shrinkage of concrete increases as the 
ambient temperature increases. 
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3.3.2 Drying shrinkage of slabs 
The drying shrinkage of concrete starts from the surface and decreases 
with depth. Car1son(49) has used an analogous method for predicting the 
moisture con.tent at different depths. The analogy was based on the 
diffusion of heat from the interior of a warm solid to the cooler 
Surface. It is shown that the shrinkage is approximately proportional to 
the amount of water lost. It is also mentioned when both moisture loss 
and drying shrinkage are stated in terms of per cent of expected total, 
then they should be nearly identical. 
One of the problems for this approach is the evaluation of a moisture-
diffusion constant which varies due to changes in the amount of 
evaporable water and pore structure. Carlson(49) has mentioned that for 
approximate applications, and for drying less than about 90% of the 
ultimate, a value of 0.0001 ft.2 per day (9.3 mm2 per day) for the 
moisture-diffusion constant is suitable for average concretes. 
Car1son(49) has also given a table for the distribution of moisture in 
slabs of any size, for any period of continuous drying at 50% humidity, 
and for any diffusion constant. Part of this table is reproduced as Table 
3.1. In this table time of drying is given in terms of a coefficient 
which incorporates the moisture-diffusion constant, duration'·of drying 
and half thickness of a slab. Using this information, the distribution of 
moisture across the depth at a particular time can be calculated which 
should be nearly identical to the distribution of shrinkage in terms of 
percentage of the total expected shrinkage at that time. 
3.4 Prediction methods for creep and shrinkage 
There are a number of different methods available for prediction of creep 
and shrinkage of concrete. Normally, these methods are based on the 
short-term tests performed on concrete specimens. Extrapolation methods 
are then used to predict the creep and shrinkage of concrete at a certain 
time in the future. 
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Table 3.1 
Percentage of evaporable moisture remaining in drying slabs at various 
depths from drying surface(49) 
========================================================================= 
Dist. 
from 
Drying 
/ Time of Continuous Drying in Terms of Kt/a2 
/----------------------------------------------------------------
Surface /0.06 /0.08 /0.10 10.15 10.20 10.25 /0.30 10.40 10.60 10.80 11.00 
-------------------------------------------------------------------------
0.1 a 23 20 18 14 12 10 9 7 4 3 2 
0.2 a 43 38 34 28 24 20 18 13 8 5 3 
0.3 a 60 54 49 41 35 30 27 20 12 7 I 5 
0.4 a 75 68 63 53 46 39 35 27 16 10 I 6 
0.5 a 85 79 74 63 55 48 42 33 20 12 I 8 
0.6 a 91 86 82 72 63 55 49 38 23 14 I 9 
0.7 a 95 91 88 79 69 61 54 42 26 16 / 10 
0.8 a 97 94 92 83 73 65 58 45 27 16 I 10 
0.9 a 98 96 94 I 85 76 67 60 47 28 17 I 11 
1.0 a 99 97 95 I 86 77 68 61 48 28 17 I 11 
-------------------------------------------------------------------------
Notes: K ;: moisture-diffusion constant(O.OOOl ft. 2/day for average 
concrete). 
t = duration of drying, in days. 
a = half thickness of slab drying from both faces, in feet. 
Bazant and Panula(50) provided a set of equations, based on the curve 
fitting performed on the creep and shrinkage observations available in 
the literature, referred to as the BP method. The set of equations in the 
BP method is complicated and a simplified version of it was later 
referred to as the BP-II method(51). Investigations on the prestress 
lOsses in full-scale structures performed by Buchner et al(3) and Yu(52) 
have shown that the losses predicted by the BP-II method were close to 
the measured values. In Table 3.2 the losses predicted by different 
methods for the Basingstoke bridge beams are given(3). 
The measured losses by severing instrumented tendons of these bridge beams 
Was 32%(6). Table 3.2 suggests that apart from the BP-II method, the CEB-
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FIP(1978) and ACI-209(53) also provide close predictions. 
Table 3.2 
Predicted prestress losses from international codes 
and recommendations(3) 
========================================================= 
Prediction 
method 
CPl15 
CP110 
CEB-FIP(1970) 
PCI 
CEB-FIP(1978) 
ACI-209 
ACI-ASME 
BP-II 
Total Loss 
(percentage) 
22.5 
26.4 
25.9 
21.5 
29.8 
28.9 
22.8 
32.9 
---------------------------------------------------------
3.5 Other factors 
In addition to creep and shrinkage, strain changes in a concrete element 
are influenced by reinforcement bars, locked-in stresses, temperature 
changes and expansion due to water. Each one of these factors at the time 
of drilling may influence strain gauge readings. It is important to know 
to what extent the above factors can affect the release pattern of 
stresses or strains. 
3.5.1 Reinforcement 
Concrete is a weak material in tension, and wherever tensile stresses 
are gOing to develop, reinforcement bars should be provided to initially 
aSSist the concrete and later uphold the tension in the concrete. 
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Reinforcement is also used where compressive or shear forces are present 
in a concrete element to enhance the performance of the element. A 
minimum amount of reinforcement is always required to provide limitation 
of crack widths caused by the shrinkage and thermal movement of concrete. 
Creep of con~rete reduces if a concrete element is adequately reinforced. 
Initially the stresses in concrete and steel bars are related through the 
modular ratio of the two materials. But as time passes, because of creep, 
more load will be transferred to the steel bars. 
Cutting through the reinforcement at the time of coring may change the 
pattern of the released strains due to the following reasons. 
a) Relief of extra stress in steel bars. 
b) Change in the stiffness of concrete in a particular direction. 
c) Abnormality in the strain release pattern close to steel bars. 
In Chapter two reference was made to the work done by Abdunur(39), Figure 
2.11, and it was shown that cutting through reinforcement affects the 
released strains but does not affect stresses obtained by reloading the 
structure. 
Since the effects of cutting through reinforcement are not clear, it is 
preferable to avoid all steel bars in a section. This can be done by 
choosing a suitable size core and using a cover meter to locate the 
Position of the steel bars. 
3.5.2 locked-in stresses 
Self-equilibrating stresses caused by non-uniform drying shrinkage or 
temperature distribution are another source of error during the 
eValuation of residual stresses in a concrete structure. To compensate 
for the effect of locked-in stresses the following points are important. 
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a) The method of assessment should be capable of finding stresses 
at different depths in a test position. 
b) Using the same method, the distribution of locked-in stresses 
across the depth should be obtained, from a concrete made of 
the same mix, shape, size and under the same environmental 
conditions. 
The difference between "a" and "b" is the stress due to the applied load 
on the structure. Assuming that such a method is developed, what can be 
done if an element made of the same mix, shape, size and under the same 
environmental conditions was not available? It is possible to calculate 
the locked-in stresses. The shrinkage distribution can be estimated based 
on the work done by Carlson(49). Subsequently, the self-equilibrating 
stress distribution due to shrinkage can be calculated for the cross-
section. 
Locked-in stresses due to shrinkage are relatively very small for slab 
elements of fairly old structures, because the shrinkage distribution to 
some extent is uniform. Also, locked-in stresses due to shrinkage are 
negligible for structures in an environment of high relative humidity. 
3.5.3 Temperature 
The coefficient of thermal expansion and contraction of many concretes is 
similar to that of steel. Therefore, from the compatibility point of 
view, one does not exert load on the other. The problem occurs when there 
is a difference in the temperature between the strain gauges and 
Concrete, also if the strain gauges and concrete have a different 
coefficient of thermal expansion or~contraction. 
For example, Demec gauges are not affected by temperature changes, but 
Vibrating wire gauges are. The coefficient of thermal expansion of VW 
gauges is similar to that of concrete and steel. It should be mentioned 
that it is the temperature of concrete and the gauges which is important, 
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not the ambient temperature. VW gauges can be fitted with a resistance 
coil to measure temperature changes within the gauge. For measurements 
performed in a short time interval on mass concrete, 
the temperature of the mass concrete is not changing 
temperature corrections are required only for the 
temperature. of the strain gauges. 
one can assume that 
rapidly, therefore 
variation of the 
It is not clear how long it will take after a coring operation, with 
water as a coolant, for equilibrium to be reached in the temperatures of 
the concrete, water and gauges. But if the temperature of the concrete 
and water are relatively similar, it should not be long for thermal 
eqUilibrium to take place. 
A temperature gradient across the depth causes a self-equilibrating 
stress distribution. This could easily happen in the depth of a bridge, 
where the top surface is very hot under the asphalt and the deck soffit 
is likely to be at the cool "shade" temperature. The distribution of this 
self-equilibrating stress can be calculated for a known temperature 
gradient •. 
3.5.4 Water 
In the drilling operation, water is used as a coolant and also helps the 
flow of sludge out of the cutting area. Water also helps to keep down the 
temperature of the concrete, which otherwise would reach levels that 
would cause alteration in the material properties of concrete. However, 
there are side effects. First, some unknown amount of the drying 
Shrinkage would be reversed to cause expansion. Second, gauges would be 
affected by the temperature of the water, and if the gauges are not 
properly waterproofed, they may even cease to function. 
It is better, if possible, to use compressed air as a coolant to avoid 
the effects of water. If water has to be used, one suggestion would be to 
cause the expansion to happen before coring and then drilling into the 
concrete, but there may be differences in the way that water is absorbed 
Page 39 
CHAPTER THREE: STRAIN CHANGES IN CONCRETE STRUCTURES 
from the surface rather than during coring from inside. Another 
suggestion is to core an unloaded specimen to observe the effects of 
water on the strain release patterns with respect to time, which is 
almost the same approach suggested to incorporate the effect of locked-in 
stresses. 
3.6 Conclusions 
The effects of parameters mentioned in this Chapter on the strain release 
pattern of concrete structures should be considered in the assessment of 
stresses. The full understanding and an estimate of the magnitude of each 
parameter may be the subject of a Ph.D. by itself. But, an attempt has 
been made to provide approximate solutions to reduce the level of error 
that each factor may induce on the evaluation of stresses due to the 
applied loads. 
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4.1 Introduction 
The traditional method of taking a sample of concrete from an existing 
structure is by coring with a diamond core bit and this results in a 
circular hole in the structure. Jacking tests in circular holes have been 
employed in rock mechanics and Jaeger and Cook(20) have developed a 
method using curved jacks. Their method is particularly suitable for 
massive structures which allow drilling a hole in at least three steps up 
to a depth of 6 times the hole diameter. 
Such thicknesses are rarely found in concrete structures and coring is 
more difficult because of reinforcement. Stresses are normally required 
to be measured in webs or flanges of prestressed beams, in top or bottom 
slabs and webs of box-girders and in some cases in the concrete lining 
of tunnels. The thickness of concrete in these cases is between 200 to 
400mm. The size of any release or loading system should be at least 5 to 
6 times the maximum aggregate size. A hole of 150mm diameter and with a 
depth of at least 150mm would normally satisfy these requirements. 
However to avoid cutting reinforcement bars, as indicated in Chapter 
three, sometimes it is necessary to use a smaller hole size. For these 
Sorts of circumstances, a hole of 75mm diameter could be cored. 
4.2 Jacking systems 
Concrete within the working stress range behaves in a linear elastic 
manner, so it was decided to devise a jacking system that applies load in 
one direction at a time. Then the results could be combined by using the 
principle of superposition. If satisfactory results could not be 
Obtained, then the next step would be the development of a more 
Complicated and expensive jacking system. 
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Jacking systems for two different hole sizes were devised. It should be 
mentioned initially that a jacking system for 150mm holes was designed. 
When satisfactory results were obtained, a smaller version to fit a 75mm 
hole was attempted. In this section, the jacking assemblies and the 
function of their components are discussed. 
4.2.1 Details of 150mm assembly 
In order to load within a hole of 150mm diameter, an assembly of solid 
steel, shaped as part of a cylinder was designed with a special casing 
for" a small jack. Figure 4.1 shows the assembly and the small jack. A 
detailed drawing of the assembly is shown in Figure 4.2. The function of 
the key parts are as follows: 
1) Studs A are used to restrain the movement of the two platens in one 
direction. 
2) Studs B are mounted on the stationary platen to guide the small jack 
for concentric loading with respect to the assembly. 
3) Step C is there to provide a concentric reaction from the small jack 
onto the stationary platen 
The radius of the assembly was 73mm and mild steel sheets of 1mm 
thickness were used to provide a uniform contact between the assembly and 
the boundary of the hole. The small jack used for this purpose was 
an Enerpac RMC-200, capable of applying up to 200kN of load. The inside 
dimension of the moving platen was designed for this jack, and provided 
another way of restraining the movement of the two platens in one 
direction. The Enerpac jack was calibrated in the laboratory by applying 
loads in steps of 10kN up to 100kN, measured by two 100kN load cells. 
USing the least-squares method, -a correlation coefficient of 0.999 was 
obtained and it was found that each 35bar pressure corresponded to 10kN. 
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Figure 4.1 
Jacking system for 150mm holes 
4.2.2 Details of 75mm assembly 
After the jacking system for 150mm holes was used successfully for the 
trial slabs and in the Channel Tunnel(81, attempts were made to devise a 
jacking system for 75mm holes . Initially, it was decided to keep the 
length of the jacking assembly to 150mm. For this length it was not 
Possible to use a small jack encased in a cylindrical steel assembly, 
because the load could not distribute uniformly along the 150mm length. 
Therefore a rubber membrane was used to cover the length of the jacking 
aSsembly. Two different models for this size of jacking assembly were 
designed. Unfortunately, both of them developed faults in operation. In 
Figure 4. 3 these jacking assemblies' along with the final design for 75mm 
hOles are show.n. The third design incorporated a small jack but just 
covered 100mm length . Basically, it had the same configuration as the 
150mm jacking assembly, Figure 4.4. The small jack used in this case was 
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an Enerpac RMC-50, capable of applying up to 50kN of load. The Enerpac 
Jack was calibrated in the laboratory by pressurising the jack in steps 
of 50bar up to 450bars and load was measured by two 100kN load cells. 
Using the least-squares method, a correlation coefficient of 0.999 was 
obtained, and it was found that each BObar pressure corresponded to 5kN. 
A detailed drawing of the jacking assembly and its components are shown 
in Figur~ 4.5. The function of the components of this assembly is exactly 
the same as the 150mm assembly. 
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Figure 4.2 
Details of 150mm jacking assembly 
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Figure 4.3 
Designs for 75mm assembly 
Figure 4.4 
Final design for 75mm assembly 
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Details of 75mm jacking assembly 
4.3 Trial slabs 
In order to check the practicality of the method, it was decided to 
perform some preliminary tests. It"was also important to keep the cost as 
low as possible and at the same time make the best use of the facilities 
available in the laboratory. The universal testing machine available had 
a window wide enough for a slab up to 750mm width. The limitation on the 
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height was about 2000mm. The maximum load that the machine could apply 
was about 500kN, therefore to apply a stress up to 5N/mm2 and provide 
reasonable strain changes, a thickness of 100mm was suitable. As a coring 
machine was not initially available and it was also necessary to have a 
relatively perfect hole, it was decided to cast holes in some of the 
slabs. 
It was mentioned before that a hole of 150mm diameter is suitable from a 
stress release point of view. In Appendix-I, the formulae for stress and 
strain around a circular hole in an infinite plate is given. In a slab of 
750mm width with a central hole of 150mm diameter, the longitudinal 
stress at the edge of the slab in a uniaxial stress field would increase 
by less than 3~. Therefore the slab is wide enough to be compared with an 
infinite plate, at least theoretically. Also the maximum tangential 
tensile stress at the edge of the hole is equal to the average 
compressive stress, in this case 5N/mm2• Therefore the ultimate 
compressive cube strength had to be between 40 to 60N/mm2, in order to 
ensure adequate tensile strength, to minimise cracking. Additionally, the 
maximum tangential compressive stress at the edge of the hole, in this 
case 15N/mm2, is about 3 timesthe average compressive stress which is 
about 1/3 to 1/4 of the compressive cube strengths of 40 to 60N/mm2. But 
due to the localised nature of the stresses around the circular hole, 
even higher stresses than those given above would not be of immediate 
concern. 
4.3.1 Test apparatus 
In this section details of the slabs, the strain gauges mounted on them 
and the method used to apply the load are discussed. 
4.3.1.1 Slabs and instrumentation 
Two slabs of 1200X750XI00mm as shown in Figure 4.6 were cast 
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horizontally, using Thames Valley aggregate. The maximum aggregate size 
was 20mm. Nominal reinforcement was provided by using 8mm diameter mild 
steel bars. A 150mm diameter circular hole was cast in one of the slabs. 
These holes were produced by leaving a solid steel cylinder at the centre 
of the slab. The cylinder was later pushed out of the hole. In order to 
facilitate this action, the cylinder was covered with release agent 
before concreting. 
For reference purposes, slabs were marked as A and B. Slab A was cast 
with a hole. As each slab was cast, 2 prisms of 150X150X300mm and 4 cubes 
of 100XI00XIOOmm were also made using the same concrete. One of the 
prisms and two of the cubes were cured in the humid room and the rest of 
the~ left beside the concrete slabs which were covered by polythene 
sheets. 
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Figure 4.6 
Plan and section of concrete slabs 
Both of the slabs were then instrumented with Demec pips and 140mm 
Vibrating wire gauges on both sides. Figures 4.7 and 4.8 show the 
instrumentation of slabs A and B respectively. 
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Instrumentation of slab A 
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The top and bottom grid of Demec gauges were used to obtain Young's 
modulus. An extra grid of Demec gauges was also mounted at either side of 
the hole of slab A. This grid had two functions, to provide a cross check 
for Young's modulus and to indicate the stress concentration at the edge 
of the hole. In addition, some Demec gauges were used at the top and 
bottom of the hole in slab A to measure tensile strains close to the edge 
of the hole. The VW strain gauges were in the longitudinal; transverse 
and 45 degree directions, 
respectively. 
and are referred to as 
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4.3.1.2 Loading assembly 
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Figure 4.8 
Instrumentation of slab B 
A universal loading machine, SATEC, was used to apply load to edge of the 
slabs. It consisted of one moving platen and a thick plate as its 
stationary platen. The load f~om the moving platen was transferred 
through a hinge to an I-beam sitting on a second I-beam using two roller 
SUpports. The position of the supports was designed to coincide with the 
qUarter width points of the slab. T~e second I-beam was seated on a 15mm 
thick plate and machined to provide even contact with the concrete ends. 
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The same sort of plate was installed on the stationary plate. The ends of 
the slab were made parallel using Plastic Padding. In Figure 4.9, slab A 
with its instrumentation is shown in the SATEC. 
Figure 4.9 
Slab A in the SATEC 
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4.3.2 Test procedure 
The testing work was designed to provide a suitable method of measurement 
of strains on the concrete slabs. Material properties of the concrete 
were obtained not on ly from the pri sms and cubes made from the same mix 
as the slabs, but also from the slabs themselves. In addition, attempts 
were made to find the release pattern of strains without actually coring 
a slab. Further measurements were made to relate the material properties 
of the concrete slabs to the response of the strain gauges around the 
hole under the jacking test. Based on the results of the tests on the 
slabs with a hole, a method was devised to relate the load required to 
re~establish the original strains in a concrete slab to the principal 
stresses in that slab before coring. 
4.3.2.1 Material properties 
The ultimate compressive capacity of the concrete was obtained by 
crushing cubes at 28 days. The tests were performed according to BS1881, 
part 116, 1983(54). The Young's modulus of concrete was obtained 
according to BS1881, part 121, 1983(55), using the 300mm long prisms. 
POisson's ratio was calculated by dividing transverse and longitudinal 
strains. In addition, Young's modulus was also obtained by loading the 
prisms up to 400kN in steps of 80kN. The least-squares method was then 
used to calculate the Young's modulus from the slope of the line. The 
prisms were then unloaded in the same way. The incremental loading was 
performed for two reasons, first, to check the linear and elastic 
behaviour of the concrete, second, to be comparable with the jacking 
tests, section 4.3.2.3, where load was also applied incrementally. Table 
4.1 summarises the results obtained. 
The ultimate cube strengths of the concrete slabs were about 60N/mm2, 
hence the splitting tensile strength of the concrete was expected to be 
between 5· to 7N/mm2• Therefore, the stress concentration around a 
Circular hole in a compressive uniaxial stress field of 5N/mm2, should 
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not cause crushing or noticeable cracking of the concrete around the 
perimeter of the hole. The Young's moduli of the prisms had values 
between 34.7 to 39.2kN/mm2, but for each slab the Young's modulus was 
gOing to be measured directly. The incremental loading of the prisms 
indicated that the concrete behaved in a linear elastic manner. The 
least-squares method indicated a minimum correlation coefficient of 
0.999. The Poisson's ratios of the prisms had values between 0.15 to 
0.18, which were considered to be appropriate for the corresponding 
slabs. 
Table 4.1 Material properties of trial slabs 
======================================================================= 
Humid room Under polythene 
------------------------------------------------------------
Slab E' E" E' E" 
-----------------------------------------------------------------------
A 
B 
56.9 37.4 36.2 0.15 
57.0 39.2 38.2 0.18 
60.0 36.8 36.5 0.16 
57.4 35.2 34.7 0.16 
=====~================================================================= 
~cu Cube crushing strength. (N/mm2) 
E' Young's modulus according to BS1881. (kN/mm2) 
E" Young's modulus for incremental loading. (kN/mm2) 
4.3.2.2 Simulation of released strains 
The instrumentation of slab A was shown previously in Figure 4.7. The top 
and bottom grid of Demec pips were used to obtain Young's modulus of the 
slab. This was done by equating the total load, 338kN, and the numerical 
integration of stresses at each cross-section. These gauges also 
indicated the uniformity of loading at that section. The stress gradient 
at the cross-section of the hol~ was also obtained at either side of the 
hOle. As a cross-check, later under a load of 350kN, the longitudinal 
equilibrium at this cross-section was calculated using numerical 
integration. The results of the above experiments are summarised in 
Figure 4.10, and indicated a Young's modulus of 39kN/mm2. 
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The 8 vibrating wire gauges on each face were arranged into 2 
longitudinal, 2 transverse and 4 in the 45 degree directions. A 
compressive force in steps of 70kN up to 350kN was applied to the slab. 
A load of 350kN was used as the maximum, to keep the tension at the top 
and bottom of the hole less than 5N/mm2 and the compression at the sides 
of the hole below 15N/mm2. Taking the average strains in the 
longitudinal, transverse and 45 degree directions, the effect of any 
possible eccentricity was cancelled. The least-squares method was used to 
get the slope of the load strain lines and a correlation coefficient of 
0.96 was the worst value obtained for each individual line. The strains 
corresponding to a longitudinal compressive stress of 1N/mm2 were 
ca)culated from the above slopes. Table 4.2 summarises the results. 
From top !Tid 
E= 38.33 I\N/mm2 
From bottom grid 2 
E .. 39.69 Jt.N/mm 
Average E .. 39 Jt.N/mm 2 
Figure 4.10 
Distribution of load on slab A at three cross-sections 
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Table 4.2 Strains in the VWs around the hole for -IN/mm2 
============================================================= 
-13.94 -0.51 -9.42 
================================== 
Strains in microstrain 
To predict the strains released, if the slab were cored under a load, the 
results obtained from the previous step were deducted from the strains 
cal,culated for a longitudinal stress of -IN/mm2. The strains for.a slab 
without a hole were calculated using equation (11-5) of Appendix-II. The 
Young1s modulus of 39kN/mm2 (see Figure 4.10) and the Poisson1s ratio of 
0.15 (see Table 4.1) were used. The corresponding strains from equation 
(11-5) are as follows. 
[ 
£1] [-25.64] ~n = Et = 3.84 
. E45 -10.89 
Where gn is the vector of strains in a slab without the hole. Therefore 
the released strains are calculated to be: 
[
-13.94] [-25.64] 
gr = go - ~n; ~r = -0.51 - 3.84 
-9.42 -10.89 [
11. 70] 
= -4.36 
1.47 
Where go is the vector of strains in a slab with the hole (see Table 
4.2). The above procedure for calculating released strains can be used 
because: 
1) The displacements and the corresponding strains are all within the 
limits of small displacements. " 
2) Strains in the slab with the hole, ~o' are dependent· on the gauge 
length and type of gauge, because of the stress/strain gradient around 
the hole. Thus, they had to be checked experimentally. 
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3) Strains in the slab without the hole, gn' are in a system with a 
uniform stress/strain field, so all points are moving the same amount 
theoretically and the effect of gauge length and gauge type is 
negligible. Thus ~n can be predicted theoretically. 
To explain the basis of equation gr=go-gn' it is important to define 
the terms in detail: 
a) Vector of released strains, ~r' can be obtained by taking the 
following steps: 
i) Loading a slab without the hole. 
ii) Mounting the VW gauges and taking datum readings. 
iii) Coring the hole. 
iv) Reading the gauges again to calculate gr· 
b) Vector of strains in a slab with the hole, go' can be obtained by 
taking the following steps: 
i) Coring the hole in a slab. 
ii) Mounting the VW gauges and taking datum readings. 
iii) Loading the slab. 
iv) Reading the gauges again to calculate go· 
c) Vector of strains in a slab without the hole, gn' can be obtained 
by taking the following steps: 
i) Mounting the VW gauges and taking datum readings. 
ii) Loading the slab. 
iii) Reading the gauges again to calculate gn· 
Now consider the slab shown in Figure 4.11 with two points A and B on it. 
The position of the points, with respect to the XY-coordinate system, 
under no load is taken as the Zero reference position. By applying load 
to the slab, points A and B move to a new position, say position one. 
Then by coring the slab, these two points move to another position, say 
POsition two. Coring the slab under no load does not affect the position 
of the pOints, hence they remain at the zero reference position. By 
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applying load to the cored slab, points A and B move directly to position 
two. 
The difference between position zero and position one is case (c) which 
provides gn' The difference between position zero and position two is 
case (b) which provides go' The difference between position one and 
position two is case (a) which is ~r' Deduction of ~o from gn' is 
equivalent to the difference between position one and two which is §r' 
It is now possible to relate the released strains, recorded by 140mm 
vibrating wire gauges at the positions around the 150mm holes, to the 
stresses in the slab. It should be mentioned that because of the nature 
of the experiment, the relationship was confined to principal strain 
directions. 
y 
o x 
Figure 4.11 
Plan of a typical slab 
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The corresponding relationship between principal strains and principal 
stresses is given by the following equation. 
[
£1]= 39 [-11.7 
£2 E 4.36 
4.36] [61 ] 
-11.7 62 
or 
grp = (39/E).[F] §p •••• (4-1) 
Where 01 and 52 are the two principal stresses, and £1 and £2 are the two 
principal strains. The multiplier (39/E) would provide the corresponding 
principal strains in a material with a different Young's modulus 
(E in kN/mm2). 
4.3.2.3 Calibration of 150mm jacking test 
The E~erpac jack RMC-200 was calibrated using two 100kN load cells. The 
response was almost entirely linear. A least-squares analysis was 
performed and the following equation for load vs pressure was derived 
with a correlation coefficient of 0.999. 
LSj = 0.286 q 
Where Lsj is the load in kN and q is the pressure in bars. To calibrate 
the assembly, slab A under a load of 350kN was placed in the universal 
testing machine. The 150mm jacking assembly was inserted in the hole and 
mild steel packing strips were used to. compensate for the difference 
between the diameters and to provide good contact with the circumference 
of the hole. Figure 4.12 shows the jacking assembly in the hole. The 
direction of the jack is such that it reduces the maximum compressive 
stress at the sides of the hole and also reduces the tensile stresses at 
the top and bottom of the hole. 
From the numerical model, it was found that for each 10kN of 
tenSion of approximately 1N/mm2 would be induced at the sides 
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hole . Considering the above and the difficulty of pumping and holding 
the pressure constant at high levels, it was decided to apply loads in 
steps of 10kN up to 50kN. As a consequence five sample points were 
obtained for each strain gauge, with no fear of cracking the sides of the 
hole. 
Figure 4.12 
Calibration of 150mm jacking test 
The strain gauges on both sides of the slab were again labelled as 
longitudinal, transverse and 45 degree directions. By averaging each 
group and using the least-squares method, the strains for 10kN of load 
were found . Correlation coefficients of 0.98 were obtained for lines 
corresponding to the longitudinal and transverse directions. As the 45 
degree gauges were in the zone of approximately no strain change, a poor 
line resulted from them. Therefore, only the first two were considered as 
representing the effect of jacking. Table 4. 3 gives the results for 
longitudinal and transverse directions. 
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Table 4.3 Strains in the VWs from jacking test on slab A 
================================================================= 
-13.62 2.33 
============================================== 
Strain in microstrain for 10kN of load 
To avoid the possibility of creating cracks at the top and bottom of the 
hole, the corresponding strains for 10kN of load were obtained for the 
jaeking test in the transverse direction, by using the reciprocal 
theorem. 
4.3.2.4 Determination of principal stresses 
At this stage, the following equation was derived which gave the required 
loads along the principal directions to restore the original reading, of 
the strain gauges. 
or 
3900 [-13.62 
10.t.E 2.33 
2.33][F1 J 
-13.62 F2 
(390)/(t.E)[S] Ep = gpr 
= [:: ] 
•••• (4-2) 
Where F1 and F2 are forces along the principal strain directions. In this 
case F1 and F2 are in the lon[itudinal and transverse directions. The 
mUltiplier is there to consider the effect of Young's modulus (E,kN/mm2), 
thickness of specimen (t,mm), and units of elements of matrix [S]. The 
relationship between principal released strains and principal stresses 
was already found in equation (4-1). Substituting for ~pr from equation 
(4-1) in equation (4-2) gives. 
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3900 [-13.62 2.33][F1]=~[-11.7 4.36][61 ] 
10.t.E 2.33 -13.62 F2 4.36 -11.7 62 
or 
(390)/(t.E)[S] Ip = (39/E)[F] §p 
39/E cancels from both sides and premultiplying both sides by the inverse 
of [F] gives. 
10 [-11.7 
§p =-
, t 4.36 
4.36 J-1 
-11. 7 
then 
1 [12.65 2.72] 
§p = - Ip 
t 2.72 12.65 
or 
§p = (lIt )[A] Ip 
[ 
-13.62 2.33 J 
Ip 
2.33 -13.62 
..•. ( 4-3) 
Equation (4-3) will be used to convert the restoring forces in the 
principal directions to the corresponding principal stresses in the 
concrete before coring. 
4.3.2.5 Determination of Young's modulus 
From the results of calibration, the following equation can be used to 
estimate Young's modulus of a concrete section under investigation. 
-13.62 x 39 x 100 E = --____ _ 
•.•• (4-4) 
t x S11 
Where Sll is the longitudinal strain for 10kN of load obtained from the 
jacking test, t is thickness in mm and E is Young's modulus for the 
speCimen in kN/mm2. 
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4.3.2.6 Trial test 
In order to check the method, slab B was instrumented as already shown in 
Figure 4.8 and a load of 300kN was applied. From the top and bottom grid 
of Demec gauges a Young's modulus of 34kN/mm2 was obtained. Datum 
readings for both vibrating wire gauges and Demec gauges were taken. 
At this stage, a coring machine with 150 & 75mm core bits became 
available for calibration testing. A circular hole of 150mm was cored and 
after the VW gauges had settled another set of readings was taken. The 
average strains from longitudinal, transverse and 45 degree strain gauges 
were obtained to cancel the effect of eccentricity between the two faces 
of the slab. Table 4.4 summarises the results. 
Table 4.4 Released strains in the trial test 
================================================= 
55.71 -20.91 16.46 
====================================== 
Strains in microstrain 
USing Mohr's circle of strains the magnitude of the principal strains and 
their directions were calculated. Table 4.5 summarises the results. 
Table 4.5 Principal released strains in the trial test 
============================================================ 
Angle of 81 Angle of 82 
55.70 -20.90 0.70 90.7 
============================================================ 
Strains in microstrain 
Then the jacking test, as mentioned earlier, was performed. The average 
strains for 10kN of load in the longitudinal and transverse VW gauges 
were obtained by adopting the least-squares method. The results are given 
in Table 4.6. 
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Table 4.6 Strains from jacking test on trial slab 
==================================================== 
-15.43 2.16 
============================================ 
Strain in microstrain for 10kN of load 
Young1s modulus of the slab was calculated using equation (4-4) and a 
value of 34.4kN/mm2 was obtained, which compares closely with the value 
obtained from the grids of Demec gauges at the top and bottom of the 
slab. The following simultaneous equations were solyed to obtain the 
required forces needed to restore the original readings in the VW gauges. 
[ 
-15.43 
0.1 
2.16 
2.16 J [F 1 J [ 55.7 J 
-15.43 F2 = -20.9 
The results are as follows. 
F1 = -34.89kN and F2 = 8.66kN 
This means a compressive force of 34.89kN in direction 1 and a tensile 
force of 8.66kN in direction 2 would be necessary to return the strain 
gauges to where they were before coring. It is clearly impossible to 
apPly a tensile force and it was assumed that concrete behaves in a 
similar manner in both tension and compression. The stresses were then 
assessed using equation (4-3). 
[ 
51 1 = _1 [12.65 2.72] 
52 100 2.72 12.65 [ 
-34.89 ] 
8.66 [
-4.18J 
= N/mm2 
0.15 
The applied stresses were: 
51 = (-300000)/(750X100)= -4.0 N/mm2 
and 
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Unfortunately, some of the Demec pips on the back face of the slab came 
off as the core bit cut through the concrete. Therefore it was not 
Possible to compare the results of the released strains on the core and 
across the hole by the method which was under development by Buchner(38). 
As a cross-check it was decided to use equation (4-1) to obtain the 
principal stresses from the corresponding released strains. 
~pr = (39/E )[F] .2p 
then 
Qp = (E/39)[R] ~pr •••• (4-5) 
where 
[ -0.099 -0.037 ] 
[R] = [F]-1 = 
-0.037 -0.099 
therefore 
61 = -4.19N/mm2 and 
These values are again comparable with the applied stresses. The reason 
that there is a slight difference between the results is due to the fact 
that in the force method there are two variables, Sll and $12' but in the 
release method only $11 influences the results. 
4.4 Selection of specimen size 
It can be shown theoretically, that if the width of the slab is about 
five times the diameter of the hole, the increase in the longitudinal 
stress at the edge of the slab is less than 3%. However, it was not clear 
how much this would affect the released pattern of the strains in the 
vibrating wire gauges. Hence, it was decided to perform similar tests on 
slabs of different sizes to investigate this phenomena. The main purpose 
of this set of tests was to find a slab size which could resemble the 
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released pattern of strains in an infinite plate. Therefore, it was 
necessary to perform tests on relatively large slabs, and gradually 
reduce the size of the slabs and repeat the test to find an optimum 
dimension. It was also hoped to establish guide lines for the assessment 
of stresses in situations where there was a limited width, such as 
shallow ,webs and narrow flanges. The maximum size of the slab was 
governed by the following factors. 
a) Maximum window in the loading system. 
b) Maximum load that could be applied, or minimum required stress. 
c) Mixing and casting facilities. 
d) Safety precautions in moving the slab. 
A maximum size to comply with the above factors was 1200x1200x100mm. 
Slabs of 1000x1000x100mm and 800x800x100mm were also made to investigate 
the effects of reduction in the width of the slabs. 
4.4.1 Test apparatus 
In this section details of the slabs, the strain gauges mounted on them 
and the method of applying the load are discussed. 
4.4.1.1 Slabs and instrumentation 
Slabs of nominal sizes 1200x1200x100mm, 1000x1000x100mm and 
800x800x100mm were cast vertically, using Thames Valley aggregate. To 
facilitate casting, a maximum aggregate size of 10mm was chosen. A mix 
proportion which had been used extensively in the past(56) which could 
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obtain a strength between 40 to 60N/mm2 was chosen. Nominal 
reinforcement was provided by using Bmm diameter mild steel bars. In 
Figure 4.13, the details of the slabs are given. 
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Figure 4.13 
Details of concrete slabs 
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The shuttering was designed for casting all the different sizes of slabs. 
The shuttering provided concrete slabs with plane surfaces and therefore 
installation of vibrating wire and Demec gauges was made easier. In 
Figure 4.14, the shuttering . and the reinforcement cage for the 1000mm 
slab are shown . 
Figure 4.14 
Shuttering for the 1000mm slab 
The maximum mixer capacity was not sufficient to cast a slab in one 
operation. Therefore, the larger slabs were cast in three steps, while 
the 800x800x100mm slabs were cast in two steps. Unfortunately, it was not 
Possible to use oven dried aggregate, and checks for consistency were 
made by measuring the slump of each batch. Four slabs were cast in total, 
one 1200x1200x100mm, one 1000x1000x100mm and two 800x800x100mm. When the 
slabs were mounted with the instrumentation, they were cored under the 
load. Cir cular holes of 150mm diameter were cored in all of the slabs, 
apart from one of the 800x800x100mm slabs. In this slab a circular hole 
of 75mm was cored. 
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Strain gauges mounted on the slabs are shown in Figures 4.15 to 4.18. The 
basic arrangement of 140mm vibrating wir~ gauges deployed in the previous 
tests was used for 150mm holes. In addition, 64mm VW gauges were added 
for parametric studies. This set of gauges was positioned at 22.5 degrees 
between the 140mm VW gauges. The 800mm slab containing the 75mm hole was 
instrumented with 64mm VW gauges. The VW gauges of a typical slab were 
numbered as shown in Figure 4.19. One set of gauges was denoted by letter 
II a" and a number, starting from the vertical direction, and was 
arranged at 45 degree intervals. The set of gauges for parametric studies 
was denoted by letter "b" and a number, start ing from 22.5 degrees 
clockwise of the vertical direction and, was positioned at 45 degree 
intervals. 
o 
o 
... 
395 
Average thickness 102 mm. 
Vibrating ",ire gauge t :140 mm. 
Vibrating "ire gauge 
Oemec pip 
Figure 4.15 
Instrumentation of 800x800x100mm slab with 150mm hole 
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Grids of Demec gauges were mounted at three levels to provide the Young's 
modulus of the slabs. It was not possible to provide grids of Demec 
gauges at the top and bottom of the 800x800x100mm slab with the 150mm 
hole. The Young's modulus and ultimate compressive strength of the 
concrete were also measured by making prisms and cubes respectively. Two 
prisms (150x150x300mm) were made with concrete gathered from the batches 
used for each slab. But two cubes (100x100x100mm) were made from each 
batch, except for the 800x800x100mm slabs where three cubes were made 
from each batch. 
496 
<:> 
~ 
Average thickness 102.5 mm. 
C!) 0 0 C!) C!) • G. ~~ I' 100 • I • 100 I' 100 I' 100 
0 Gl 0 0 0 0 
In 
Vibrating wire gouge I :140mrn 
Vibrating wire gauge 
Demec pip 
100 T 0 
01 
----e'- - . -'----
000 
Figure 4.16 
Instrumentation of 1000x1000x100mm slab 
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100 
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Average thickness 100mm 
100 100 100 
• I' 100 • 1 
Vibrating wire au e I: 140mm. 
Vibrating vire gouge 1= 64mrn 
Oemec pip 
100 
Figure 4.17 
Instrumentation of 1200x1200x100mm slab 
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Average thickness 101 mm I 0 
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Figure 4.18 
Instrumentation of 800x800xlOOmm slab with 75mm hole 
b4 b1 10 
\ / r/'Q2 I 
~~b2 
Figure 4.19 
Numbering of the VW gauges in a typical slab 
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4.4.1.2 Loading assembly 
An existing laboratory test frame could only provide a self-stressing 
system up to 300kN. An extra 200kN was added to the system by stiffening 
the frame against the strong floor using 4 high tensile steel bars. Each 
hole on, the strong floor was designed to withstand a tensile force of 
70kN. The four steel bars were installed at 750mm from the centre line of 
the frame. They were connected in pairs across the top of the frame by a 
steel channel. To ensure that the bars carry similar loads, Demec gauges 
were installed on each bar. Then, by applying 500kN to the frame a check 
was made to ensure the four bars stretched the same amount and they 
ex~rted 200kN on the floor. In this way, only 300kN was actually 
maintained by the frame itself and the strong floor was not overloaded. 
To apply load to the slabs, use was made of hydraulic jacks each capable 
of exerting a load of 300kN. To spread the load along the length of each 
slab and to keep the pressure in the hydraulic system as low as possible, 
6 of these jacks were calibrated for the 1200x1200x100mm slab and 4 of 
them were calibrated for use on the smaller slabs. The distances between 
the jacks were designed to spread the load as even as possible. Therefore 
for each slab size it was necessary to adjust the position of the jacks. 
Machine faced steel plates, 40mm thick, were used to transfer the load 
from the jacks to the slabs. A similar plate was used batween the slab 
and the bottom beam of the frame. Figure 4.20 shows the 1000xlOOOxlOOmm 
slab in the test frame. The distance between the jacks and the top of the 
bottom beam of the frame was too great for the 1000mm and 800mm slabs, 
and steel I-beams were used to reduce this gap. 
4.4.2 Test procedure 
The testing work was designed to show the effect of slab size on the 
released pattern of strains. Material properties of the concrete were 
obtained not only from prisms and cubes taken from the slab mixes, but 
from the slabs themselves. Each slab waS loaded before coring for this 
Page 72, 
CHAPTER FOUR: LABORATORY TESTS ON RECTANGULAR SLABS 
purpose. Then slabs were cored under load and the changes in the 
vibrating wire strain gauges were monitored. Additionally, the release 
pattern of strains was also simulated. This was done by recording the 
difference between the strain patterns of the uncored and cored slabs 
under similar loads. Then jacking tests were performed and the stresses 
before coring were assessed using the equations derived in the previous 
section. These equations were modified according to the results of the 
tests performed. The strain gauge arrangements that were tried for the 
first time, provided different ways of assessing stresses and the 
material properties. Based on the results of these strain gauge 
arrangements, new equations were derived. 
Figure 4.20 
1000mm slab in the stiffened steel frame 
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4.4.2.1 Material properties 
The ultimate compressive capacity of the concrete was obtained by 
crushing cubes at 28 days. The tests were performed according to BS1881, 
part 116, 1983(54). The Young's modulus of concrete was obtained 
according to BS1881, part 121, 1983(55), using the prisms. Poisson's 
ratio was calculated by dividing transverse and longitudinal strains. In 
addition, the Young's modulus was also obtained by loading the prisms 
incrementally. Table 4.7 summarises the results obtained. 
Table 4.7 Material properties of slabs of different size 
========================================================================= 
Slab Hole 
(mm) (mm) 
Batch 
in slab ------------------
Prism E' E" Poisson's 
ratio 
-------------------------------------------------------------------------
1200 150 Bottom 56.8 59.1 One 34.0 33.7 0.16 
Middle 59.6 62.9 Two 33.1 32.9 0.17 
* Top 50.4 35.1 
1000 150 Bottom 46.7 45.2 One 29.6 29.7 0.17 
Middle 57.6 61.2 Two 30.4 30.5 0.18 
* Top 55.3 38.4 
800 150 Bottom 50.8 52.8 50.0 One 31.2 30.8 0.16 
Top 44.1 49.9 49.9 Two 31.4 32.0 0.18 
800 75 Bottom 54.2 52.8 50.0 One 32.1 32.4 0.16 
Top 54.2 53.8 55.5 Two 32.1 31.6 0.17 
========================================================================= 
lcu Cube crushing strength. (N/mm2) 
E' Young's modulus according to BS1881. (kN/mm2) 
E" Young's modulus for incremental loading. (kN/mm2) 
* Cube was crushed 2-4 days after casting. 
The ultimate cube strengths of the concrete slabs were about 50N/mm2, 
hence the splitting tensile strength of the concrete slabs was expected 
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to be between 4 to 6N/mm2. Therefore the stress concentration around a 
circular hole in a compressive uniaxial stress field of 5N/mm2, was not 
going to cause crushing or noticeable cracking of the concrete at the 
edge of the hole. The Young's moduli of the prisms had values between 
29.6 to 34.2kN/mm2, but for each slab the Young's modulus was gOing to be 
measured directly. The Poisson's ratios of the prisms had values between 
0.16 to 0.18. 
4.4.2.2 Initial loading of the slabs 
Before putting the slabs inside the loading frame the top and bottom 
edges of each slab were made parallel to each other using Plastic 
Padding. Each slab was loaded before coring for three reasons. 
a) Check the load was distributed evenly along the width of the slabs. 
b) Obtain the Young's modulus at different cross-sections of the slabs. 
c) Measure the response of the VW gauges in uncored slabs, to be used 
later for simulation of released strains. 
In Table 4.8 the Young's moduli at different cross-sections of the slabs 
are given. 
Table 4.8 Young's moduli of the size effect slabs 
============================================================== 
Slab 
(mm) 
Hole 
(mm) 
Grid of Demec gauges at the 
Bottom Middle Top 
--------------------------------------------------------------
1200 
1000 
~O 
150 
800 150 
800 75 
35.1 
3L4 
32.5 
41.2 32.1 
37.5 32.8 
35.8 
37.5 33.6 
============================================================== 
Young's moduli are in kN/mm2 
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Table 4.8 indicates that the Young's moduli were lower at the top and 
bottom of the slab. The Young's moduli of the prisms from Table 4.7 were 
similar to the corresponding values at the top and bottom of the slab. 
It is not clear why the middle part of each slab always indicated a 
higher value for Young's modulus. The position of the top and bottom 
grids of the Demec gauges were 150mm away from the loading face and it 
was thought to be sufficient to avoid any edge effect. Casting the 
concrete slabs vertically or arching of concrete between the two faces of 
the shuttering might have had some influence. 
The Young's modulus for the two largest slabs was taken as the one 
obtained from the grid of Demec gauges at the middle of the slab, because 
the 'major part of the release wou ld take p lace at the centre. In the case 
of the 800mm slabs, an average value was used because of the small size 
of the slab. The change in the VW gauges due to the initial loading of 
the slabs was normalised for a stress of -IN/mm2 and was later used to 
simulate the strain releases in the slabs. It also provided another way 
of calculating the material properties. Table 4.9 summarises the results. 
Table 4.9 Strains in uncored slabs for -IN/mm2 
========================================================================= 
Slab Hole Gauge length Vibrating wire gauges --~~~~----~~----(mm) (mm) (mm) (microstrain) 
-----------------------------------------------------------------------
al a2 a3 a4 -1000/a1 -a3/a1 
-------------------------------------------------
1200 150 140 -26.56 -11.90 3.05 -12.44 37.7 0.11 
1000 150 140 -35.88 -15.83 5.46 -13.14 27.9 0.15 
800 150 140 -27.96 -16.77 2.55 -14.91 35.8 0.09 
800 75 64 -30.35 -13.55 2.46 -11.82 32.9 0.08 
b1 b2 b3 b4 
-------------------------------
1200 150 64 -22.39 -1.86 -1.25 -24.15 
1000 150 64 -30.36 -0.01 -1.81 -26.57 
800 150 64 -26.40 -3.23 -2.67 -22.17 
~======================================================================== 
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The Young's moduli obtained in this way were all less than those obtained 
from the grid of Demec gauges, apart from the 800mm slab with the 150mm 
hole. It was decided to use the Young's modulus obtained from the grid of 
Demec gauges, because it represented an average value at the central 
cross-section. 
4.4.2.3 Released strains 
All the slabs were loaded in turn and were cored by a diamond drill b.it. 
The vibrating wire gauges on the coring face of the slabs were covered 
with vaseline to protect them from the water used as coolant in the 
coring operation. In order not to lose gauges on the back face of the 
slabs, drilling was stopped just before cutting through. The rest of the 
Core was chipped off by a small chisel and hammer. Monitoring of the 
changes in the VW gauges commenced just after coring and continued up to 
the following day. Apart from the 1200mm slab, all the rest were 
instrumented with VW temperature gauges. Temperature correction was 
performed on all the readings except for the readings taken on the day 
after the coring operation. 
The variation of released strains in the VW gauges with respect to time 
is shown in Figures 4.21 to 4.24. Close inspection of these Figures 
indicates that after coring, all the VW gauges on each slab, irrespective 
of the size or orientation of the gauges, vary in a similar manner with 
time. In all cases the released strains become more positive with time. 
This could have been due to two phenomena, the creep recovery and 
reversible drying shrinkage. 
Because load was applied just for a few hours before coring the effect of 
creep recovery was likely to be negligible. However, reversible drying 
shrinkage could not be ruled out. It was also noticed that the gauges on 
the coring face were more positive than the gauges on the back face, 
POSSibly again due to reversible drying shrinkage which was started on 
the coring face. It was decided to core a representative slab under no 
load and monitor the variation of the VW gauges with time to find a 
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Released strains on the 1000mm slab 
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Released strains on the 1200mm slab 
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Released strains on the 800mm slab with 75mm hole Released strains on the 800mm slab with 150mmhole 
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solution for the above mentioned problems. This experiment was performed 
only for 75mm holes and 64mm VW gauges and it was found that at about 21-
24 hours the VW gauges had very small readings. 
The principal released strains and the direction of the maximum principal 
strain in the VW gauges of the slabs are given in Table 4.10. The 
magnitude of the principal strains and the direction of the maximum 
principal strain were calculated using the Lightfoot(43} method, which 
incorporates all the gauge readings with a least-squares approach. Close 
inspection of Table 4.10 indicates that: 
a} The direction of the maximum principal strain could be obtained by a 
shift of 4 degrees using 140mm VW gauges and by a shift of 8 degrees 
using 64mm VW gauges, possibly due to experimental errors. 
b} Although the magnitude of the principal strains varied with time, the 
average of their differences (£1-£2) in each case was within ±5% of 
individual values of (€1-£2). 
c} The stresses in different slabs were about 4.2 to 5.0 N/mm2 but the 
measured released strains were quite different, which was due to the 
differences in the Young's moduli of the slabs at the cored position. 
Therefore a method that could estimate the magnitude of the elastic 
modulus proved to be important, especially in the cases where this value 
could not be obtained from the cores. Additionally, the magnitude of the 
Young's modulus in the release direction may be different to that along 
the core axis. 
d} Because of the effects of reversible drying shrinkage and possibly 
locked-in stresses, the principal released strains due to coring under 
the load could not be determined. Hence another approach was required to 
give a method of interpretation. To achieve this, a simulation of the 
release process was required. 
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Table 4.10 Principal released strains in the VW gauges 
========================================================================= 
Slab Hole Gauge Gauge Time after e1 
(mm) (mm) l(mm) angle coring(h) (~s) 
e2 ~ (e 1-e2) 
(~s) (degree) (~s) 
-------------------------------------------------------------------------
1200 150 
App 1 ied 
stress 
-4. 19N/mm2 
140 
140 
o 
o 
140 0 
64 22.5 
64 
64 
22.5 
22.5 
o 
1 
15 
o 
1 
15 
41.1 
44.4 
42.7 
34.3 
37.4 
35.3 
-18.1 
-13.0 
1.3 
1.7 
-13.0 2.6 
-12.6 -23.5 
-7.9 -22.1 
-7.2 -21.1 
59.2 
57.4 
55.7 
46.9 
45.3 
42.5 
-------------------------------------------------------------------------
1000 150 
App lied 
stress 
-4.92N/mm2 
140 0 
140 0 
140 0 
140 0 
64 22.5 
64 
64 
64 
22.5 
22.5 
22.5 
o 
1 
2 
23 
o 
1 
2 
23 
52.4 -50.6 2.8 
61.1 -39.7 2.6 
63.2 -33.9 3.2 
67.9 -25.5 3.4 
36.1 -45.4 -16.6 
46.0 
48.5 
47.5 
-38.4 
-32.7 
-27.8 
-16.9 
-15.9 
-16.9 
103.0 
100.8 
97.1 
93.4 
81.5 
84.4 
81.2 
75.3 
-------------------------------------------------------------------------
800 150 
Applied 
stress 
-5.01N/mm2 
140 o 
140 0 
140 0 
140 0 
64 22.5 
64 22.5 
64 
64 
22.5 
22.5 
o 
2 
3.5 
22 
o 
2 
3.5 
22 
37.1 
46.4 
50.6 
54.6 
31.3 
41.1 
43.5 
41.5 
-30.0 0.0 
-25.5 0.0 
-20.4 1.0 
-19.5 1.8 
-21.0 -23.4 
-18.8 -23.9 
-14.0 -23.2 
-13.2 -20.9 
67.1 
71.9 
71.0 
74.1 
52.3 
59.9 
57.5 
54.7 
-----------------------------------------------------------------------
800 75 
Applied 
stress 
-5.01N/mm2 
64 
64 
64 
64 
o 
o 
o 
o 
o 
0.5 
1 
2 
22.3 
24.9 
25.5 
33.7 
-51.5 
-52.7 
-53.8 
-47.5 
7.4 
8.4 
8.1 
7.7 
73.8 
77.6 
79.3 
81.2 
========================================================================= 
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4.4.2.4 Simulation of released strains 
After coring, the slabs were loaded again to obtain the response of the 
VW gauges in the cored slabs. The strains obtained had the benefit that 
unknown effects due to water and locked-in stress were avoided. Therefore 
only the position and size of the gauges, hole size and the Young's 
modulus of the slabs could affect the pattern obtained. In Table 4.11 the 
strain in the VW gauges due to a stress of -IN/mm2 is given 
Table 4.11 Strains in cored slabs for -IN/mm2 
======================================================= 
Slab Hole Gauge length Vibrating wire gauges 
--------~~--~-=----(mm) (mm) (mm) (microstrain) 
-------------------------------------------------------
a1 a2 a3 a4 
-------------------------------
1200 150 140 -15.56 -9.00 -1.61 -9.12 
1000 150 140 -22.29 -12.50 -1.60 -11. 38 
800 150 140 -15.55 -12.64 -1.20 -10.82 
800 75 64 -20.34 -10.52 -1.81 -9.49 
b1 b2 b3 b4 
-------------------------------
1200 150 64 -15.28 -4.31 -3.03 -17.05 
1000 150 64 -21.64 -3.51 -2.97 -19.30 
800 150 64 -19.09 -4.75 -4.44 -16.16 
======================================================= 
USing the values of Table 4.9 and 4.11, the simulated principal released 
Strains were obtained. These values, in order to be compared directly 
With those of Table 4.10, were multiplied by the applied stresses in the 
Corresponding slabs. The simulated principal strains and the direction of 
the maximum principal strain are given in Table 4.12. 
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Table 4.12 Simulated principal strains in the VW gauges 
================================================================= 
Slab Hole Gauge Gauge 
(mm) (mm) 1 (mm) ang le 
£2 ~ (£1-£2) 
(~s) (degree) (~s) 
-----------------------------------------------------------------
1200 150 140 
64 
o 
22.5 
46.0 
37.8 
-19.7 0.8 
-16.9 -23.5 
65.7 
54.7 
-----------------------------------------------------------------
1000 150 140 0 65.2 -36.7 2.2 101.9 
64 22.5 52.0 -33.0 -19.3 85.0 
------------------------------------------------------ ~----------
800 150 140 0 61.6 -19.3 0.1 80.9 
64 22.5 42.1 -17.0 -19.8 59.1 
-----------------------------------------------------------------
800 75 64 o 49.7 -21.9 1.4 71.6 
================================================================= 
Comparison of Tables 4.12 and 4.10 indicates that: 
a) Released strains at 1-2 hours were similar to the simulated values. 
b) The 140mm VW gauges on the 1000mm slab provided better results than 
those on the 800mm slab with a 150mm hole. However, the 64mm VW gauges 
provided similar values possibly because in the 800mm slab they were 
fUrther away from the edges compared to the 140mm VW gauges. 
c) The 75mm hole with 64mm VW gauges provided similar differences in the 
principal strain values, (£1-£2)' but the individual principal strains 
were quite different. This might be due to locked-in stresses and the 
reversible drying shrinkage that can affect a smaller released area. 
d) In general the maximum principal strain directions were very close to 
the known directions. 
Under laboratory conditions the importance of using temperature VW gauges 
cannot be detected from the experimental results. However, their use was 
necessary to monitor any variation in the temperature of the gauges due 
to the water or heat generated from other sources in the laboratory. 
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4.4.2.5 Jacking test 
After the coring operation, monitoring of the VW gauges was continued 
for a minimum of 24 hours. This was followed by the jacking tests to 
restore ~he original strains in the VW gauges. Jacking tests were 
performed along the vertical direction, 22.5 degrees from the vertical 
direction and in some cases along 45 degrees from the vertical 
direction. By using the reciprocal theorem the response of the VW gauges 
due to the jacking test along the other directions was obtained. Then, by 
Using the superposition principle, the required loads to re-establish the 
complete original strain field were obtained. The 150mm holes were loaded 
by using the 150mm jacking system. Loading up to 50kN in steps of 10kN 
was applied and the least-squares method was used to calculate the 
response of the VW gauges in the longitudinal and transverse directions 
with respect to the jacking test. Add~tionally, a jacking test was 
performed along the 64mm VW gauges at 22.5 degrees from the vertical 
direction. The same sequence of loading was used again. 
The 75mm holes were loaded by using the 75mm jacking system. From the 
nUmerical model, it was found that for each 5kN of load, a tension of 
approximately IN/mm2 would be induced at the sides of the hole. 
Considering this and the difficulty of pumping and holding the pressure 
Constant at high levels, it was decided to apply loads in steps of 5kN up 
to 25kN. It should be mentioned that the stress concentration around a 
circular hole is independent of the hole size so the maximum tensile 
stress due to the jacking test would not even cancel the existing 
compressive stress at the side of the hole. Therefore five sample pOints 
were obtained for the least-squares analysis, with no fear of cracking 
the sides of the hole. In Figure 4.25 the 75mm jacking system is shown 
during a test along the vertical direction. 
When a jacking test was perfo~med for a particular gauge pattern and 
along different directions, the results were averaged. In Table 4.13 the 
the responses of the VW gauges along and transverse to the .jacking tests 
for different hole size and gauge length are summarised. 
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1 
·7 26 
Figure 4.25 
The 75mm jacking system in a hole 
Table 4.13 Response of the VW gauges due to the jacking tests 
~=================================================================== 
Slab 
(mm) 
Thickness 
(mm,) 
Hole 
(mm) 
Gauge 
(mm) 
Strain in VW gauges 
Longitudinal Transverse 
----------------- - --------------- - ----------------- ------- ----------
1200 100 150 140 
64 
-12.51 
-8.45 
2.82 
2.09 
---- - ----- ------- ---------- --- - ------------ -- ----- ------ ---- --------
1000 102.5 150 140 
64 
-16.39 
-8.68 
2.98 
2.31 
-- __ __ _________________ _ __ _ ___ ____ ___ _ __ ___ _______ ___ w. _____ ________ _ 
800 102 150 140 
64 
-13.00 
-8.09 
1.94 
1.80 
---------------------------- - ------- ---- --- ------ ----- - ---- ---------
800 101 75 64 -30.42 6.01 
================== === == ======= ====== ==== =================== ========= 
Strain in microstrain for 10kN of load 
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The response of the 64mm VW gauges around the 150mm holes due to the 
jacking test was used for parametric studies of the jacking test and was 
later compared with results from numerical models. For the 140mm VW 
gauges around the 150mm holes, the equations derived for the trial slabs 
could be used to assess the stresses and the Young's modulus. The 
response of the 64mm VW gauges around the 75mm hole was used to derive 
equations for this size. 
The Young's moduli of the slabs with 150mm holes based on the results of 
the jacking test for 140mm VW gauges were assessed uSing equation (4-4), 
section 4.3.2.5. These values are compared with those obtained from the 
gri~ of Demec gauges at the middle of the slabs and the VW gauges during 
the initial loading of the slabs. The results are summarised in Table 
4.14. 
Table 4.14 Comparison of Young's moduli 
============================================================ 
Slab 
(mm) 
Jacking test 
(kN/mm2) 
Demec gauges 
(kN/mm2) 
VW gauges 
(kN/mm2) 
------------------------------------------------------------
1200 42.5 41.2 37.7 
1000 31.6 37.5 27,9 
BOO 40.1 35.B 35.B 
Average 3B.1 3B.2 33.B 
============================================================ 
The Young's moduli obtained from the jacking test were at the most 12% 
higher or 18% lower than those obtained from the grid of Demec gauges at 
the middle of the slabs. But the average value of the moduli from the 
jacking tests was just 0.2% lower than that from the Demec gauges. At 
this stage, it was decided to leave the modification of equation (4-4) to 
the time when more slabs had been tested. The Young's moduli of the slabs 
based on the VW gauges during the initial slab loading were in general 
lower than those obtained from the grid of Demec gauges. As mentioned 
before, the Young's moduli based on the Demec gauges were used because 
they provided an average value across the width of the slabs. 
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The stresses based on equation (4-3), section 4.3.2.4, were calculated 
for slabs with 150mm holes. Table 4.15 compares the applied stresses and 
those obtained from the jacking tests. 
Table 4.15 Stresses in the slabs based on the jacking test 
================================================================== 
Slab Applied stresses 
(mm) 61 62 
Time after 
coring(h) 
Stresses from jacking test 
61 62 (61-62) 
------------------------------------------------------------------
1200 -4.19 0.0 
1000 -4.92 0.0 
800 -5.01 0.0 
1 
15 
1 
2 
23 
2 
3.5 
22 
-4.35 
-4.16 
-3.71 
-4.07 
-4.71 
-3.76 
-4.37 
-4.80 
-0.63 
-0.55 
1.33 
0.79 
-0.03 
0.92 
0.25 
0.03 
-3.72 
-3.61 
-5.04 
-4.86 
-4.68 
-4.68 
-4.62 
-4.83 
================================================================== 
Stresses in N/mm2 
Close inspection of Table 4.15 indicates that: 
a) Although the values of 61 and 02 were changing with time, the value of 
61-62 had not changed as much. Apart from the 1200mm slab, the principal 
stress differences are similar to the corresponding applied values. 
b) Apart from the 1200mm slab, where temperature correction was not 
Possible, the magnitude of 61 and 62 became more positive with time, 
which could be due to redistribution of locked-in stresses. 
c) The last set of readings, where temperature correction was not 
required, . had provided similar values of 61 to the corresponding applied 
values. In the 1000mm and 800mm slab even 62 values were close to zero 
where no transverse load was applied. 
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The above observations suggest the presence of a self-equilibrating 
locked-in stress field in each slab. When the stress due to the applied 
load is released by coring, the locked-in stress is released as well. The 
surface measurements pick up the algebraic sum of these two. As time 
passes the self-equilibrating locked-in stress cancels itself out. The 
process can be seen in Table 4.15. However, this pOint cannot be observed 
in the 1200mm slab which may be due to the lack of temperature correction 
on the measured VW strains. 
As the stresses obtained from the jacking tests were close to the applied 
stresses, it was decided to delay modification of equation (4-3) until 
more slabs had been tested. 
For the 75mm hole and jacking test, the following equations were obtained 
for the assessment of principal stresses and Young's modulus. These 
equations were based on the average value of Young's modulus from the 
grids of Demec gauges and the simulated released strains from the 800mm 
slab with a 75mm hole. The derivation of these equations is similar to 
those obtained from the 150mm jacking test, explained in sections 4.3.2.4 
and 4.3.2.5 for principal stresses and Young's modulus respectively. 
and 
E = 
1 
t [ 
35.09 
9.34 
9.34 ] 
Fp 
35.09 ..... 
-30.42 x 34.5 x 101 
t x S11 
•••• ( 4-6) 
•••• (4-7) 
Where: 
£p Vector of principal stresses. (N/mm2) 
Ep Vector of re-establishing forces in principal directions. (kN) 
E Estimated Young's modulus. (kN/mm2) 
t Thickness of specimen. (mm) 
Sll Longitudinal strain due to jacking test. (microstrain for 10kN) 
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4.5 Uniaxially loaded slabs 
The results of the tests on the slabs of different size indicated that a 
slab of 1000x1000x100mm had produced comparable released strains under 
load to those of the simulated released strains, both for 140mm and 64mm 
vibrating wire gauges. To investigate the repeatability of the tests, it 
was decided to make six slabs, three to be cored with a 150mm core bit 
and three to be cored with a 75mm core bit under a uniaxial stress field. 
In total thirteen 1000mm slabs were mass produced, the first six used for 
the uniaxial stress field and the rest for a biaxial stress field. 
4.5.1 Test apparatus 
The loading assembly and instrumentation of the slabs were modified to 
some extent compared to those used previously. The details are explained 
in this section. 
4.5.1.1 Slabs and instrumentation 
Slabs of nominal size 1000x1000x100mm were cast vertically, using Thames 
Valley aggregate. The mix used in the previous set of tests was used 
again in order not to introduce a new variable. As before each 1000mm 
slab was cast in three steps, using aggregate that was not oven dried. 
Again, the concrete was checked by measuring the slump of each batch to 
ensure similar workabiliY. Only one prism of size 150x150x300mm was made 
~ 
from the batch used for the middle part of the slabs, since the majority 
of the release was going to take" place in this region. Two 100x100x100mm 
cubes were made from each batch, making a total of six cubes for each 
slab. Slabs were numbered with Roman numerals, the first three slabs were 
instrumented for a 150mm hole as shown in Figure 4.26. The arrangement 
was modified slightly compared to the instrumentation in Figure 4.16. 
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o 
o 
'" 
o 
I • 
S lob 'oJ ~uv~e thickness 
I 991 103.2 
II 991 102.5 
III 993 103.1 
Vi brating \lire gouge I: 140mm. 
Vibrating \lire gouge I: 64 mm 
o o 
Figure 4.26 
Instrumentation of slabs I,ll and III 
The grid of 100mm Demec gauges across the core position was sufficient to 
check the distribution of load across the width of the slabs and to 
provide Young's modulus for the slabs at the most important cross-
section. This also reduced the number of Demec pips which were used and 
saved time during gauging, reading and proceSSing the results for each 
slab. The 64mm VW gauges were brought closer to the hole for two reasons. 
First, the external array of 50mm Demec gauges provided poor results and 
second, to provide some more values for the parametric part of the study. 
Because the 64mm VW gauges were moved the grid of Demec gauges was 
mOdified and two additional 100mm Demec gauges were fitted. on the core 
POsition in the vertical direction. This also provided more readings on 
the core before and after coring. 
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Slabs IV,V and VI were instrumented for 75mm holes as shown in Figure 
4.27. Again only one grid of 100mm Demec gauges at the midsection was 
used for the same reasons as the first three slabs. Basically, the same 
pattern of gauges as shown on the 800mm slab in Figure 4.18 was used. In 
order to have more strain readings at the midsection, 200mm Demec gauges 
were used around the core position. An extra rosette of 200mm Demec 
gauges WqS used across the core position in between the 64mm VW gauges. 
C) 
C) 
'" 
100 
j, 
'GJ-' ,---
Slab u average thickness 
IV 991 102.7 
V 991 102.9 
VI 991 102.9 
Figure 4.27 
Instrumentation of slabs IV,V and VI 
Page 91 
CHAPTER FOUR: LABORATORY TESTS ON RECTANGULAR SLABS 
In Figures 4.26 and 4.27 the actual sizes of the slabs are given. In 
general the average thickness of the slabs was slightly above the 100mm 
nominal thickness due to the way that the shuttering was designed and put 
together. The average thickness was obtained by measurements taken at the 
edges and centre of each slab after the coring operation. The numbering 
system for the VW gauges was similar to that shown previously in Figure 
4.19. 
4.5.1.2 Loading assembly 
As this size slab was tested before and the maximum load was not gOing 
to be altered, exactly the same loading system as that used for the slabs 
of different sizes was used again. This loading system has already been 
explained in section 4.4.1.2 and is shown in Figure 4.20. 
4.5.2 Test procedure 
The test work was designed to show the repeatability of the release 
pattern of strains around the 150mm and 75mm holes. Prisms and cubes were 
used to obtain the material properties of the concrete. The material 
properties of the concrete slabs were also directly obtained from the 
initial loading performed on the slabs themselves. The release patterns 
recorded on the VW gauges were measured during coring the slabs under 
load and they were also simulated by the difference between the strain 
patterns of uncored and cored slabs under similar loads. 
Indirect checks were performed on the slabs with 150mm holes to monitor 
the redistribution of the locked~in stresses in the slabs. This was done 
by monitoring the changes in the readings on the grid of Demec gauges 
across the core position of each slab. The slabs with 75mm holes were 
also cored ~nder no load to monitor the combined effect of the reversible 
shrinkage and the redistribution of the locked-in stresses. 
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After the coring operation on each slab, jacking tests were performed and 
the stresses in the slabs were assessed. The 140mm VW gauges on the slabs 
with 150mm holes were moved 2Smm further away from their original 
Position with respect to the hole and jacking tests were performed for 
the parametric side of the study. Slab III at this stage was instrumented 
with 64mm VW gauges at the top and bottom side of the hole in the 
horizontal direction. Then, horizontal jacking tests were performed to 
observe the behaviour of the hole during this unfavourable condition. 
4.S.2.1 Material properties 
The ultimate compressive strength of the concrete was obtained by 
crushing cubes at 28 days. The tests were performed according to BS1881, 
part 116, 1983(S4}. The Young's modulus of the concrete was obtained 
according to BS1881, part 121, 1983(S5}, using the prisms. The Poisson's 
ratio was calculated by dividing the transverse by the longitudinal 
strains. In addition, the Young's modulus was obtained by loading the 
prisms incrementally. The tests on the prisms were performed 
approximately at the same time as the coring tests were performed on the 
slabs to incorporate any possible maturity effects. In Table 4.16 only 
those properties relating to the concrete in the middle p~rt of the slabs 
are summarised. 
The ultimate cube strength of the concrete was about 50N/mm2, hence the 
SPlitting tensile strength of the concrete slabs was expected to be 
between 4 to 6N/mm2. Therefore the stress concentration around a circular 
hole in a compressive uniaxial stress field of SN/mm2, was not gOing to 
cause crushing or noticeable cracking of the concrete at the boundary of 
the hole. The Young's moduli of the prisms obtained according to the 
British Standard and the incremental loading method were almost 
identical. The Young's moduli ef the prisms had values between 33.S to 
36.0kN/mm2, but for each slab the Young's modulus was measured directly 
during the initial loading of the slabs. The Poisson's ratio of the 
Prisms had values between 0.14 to 0.18. 
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Table 4.16 Material properties of slabs I to VI 
======================================================================== 
Slab Hole 
No. (mm) 
E' E" Poisson's 
ratio 
------------------------------------------------------------------------
I 150 58.1 34.8 34.6 0.18 
II 150 56.9 33.6 34.5 0.14 
III 150 50.8 33.5 33.6 0.18 
IV 75 52.6 34.6 34.3 0.17 
V 75 51.4 34.0 33.7 0.15 
VI 75 58.0 36.0 35.6 0.15 
======================================================================== 
fCU' Cube crushing strength. (N/mm2) 
E' Young's modulus according to BS1881. (kN/mm2) 
E" Young's modu lus from incremental loading. (kN/mm2) 
4.5.2.2 Initial loading of the slabs 
The top and bottom edges of each slab were made parallel by using Plastic 
Padding before setting the slabs inside the loading frame. The slabs were 
loaded initially to check the distribution of the load and to obtain the 
Young's modulus of each slab using the grid of Demec gauges across the 
Core position. The response of the VW gauges under load was also obtained 
for later simulation of the released strains. For each slab, loads in 
steps of 125kN up to 500kN were applied and the least-squares method was 
Used to calculated the slopes of the lines for each case. 
The Young's modulus of each slab was obtained at the cross-section of the 
grid of Demec gauges in the following way. For an assumed elastic modulus 
of 1kN/mm2, the load at each Demec gauge position was obtained from the 
Contributory area and the measu~ed strains. These loads were summed up 
for each increment and the slope of the lines due to the applied loads 
directly gave the Young's modulus of the slab. Table 4.17 summarises the 
Young's moduli obtained in this way. 
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Table 4.17 Young's moduli of slabs I to VI 
==================================================== 
Slab Young's modulus from grid of Demec gauges 
No. (kN/mm2) Correlation coefficient 
I 37.2 0.999 
II 36.5 1.000 
III 33.5 0.993 
IV 36.8 0.999 
V 37.0 0.999 
VI 37.0 0.998 
==================================================== 
Table 4.17 indicates that the Young's moduli ranged between 33.5 to 
37.2kN/mm2• These values are close to those obtained from the prisms 
given in Table 4.16. In general, the values from the slabs themselves 
were slightly higher than the results from the prisms. This might be due 
to the differenc~ in the direction of casting the prisms, horizontally, 
compared to that of the slabs, vertically. In addition, prisms were 
compacted on a vibrating table but slabs were compacted with a poker 
vibrator. 
The response of the VW gauges obtained from incremental loading of the 
uncored slabs was again processed by the least-squares method and from 
the slope of the lines their response for -1N/mm2 was calculated. The 
Correlation coefficients of the lines obtained were of the same order of 
magnitude as those obtained from the grid of Demec gauges given in Table 
4.17, with the exception of gauges "b2" and "b3" which were in a zone 
that had small strain changes. 
The Young's moduli and the Poisson's ratios of the slabs were also 
assessed from the "a" gauges. The response of the VW gauges is summarised 
in Table 4.18. The Young's moduli and the Poisson's ratios from the VW 
gauges on slabs I and II were similar to those obtained from the other 
methods. Slab III indicated a higher Young's modulus, while slabs IV to 
VI produced lower Young's moduli compared to the results from the Demec 
grid. The inconsistency between Young's moduli obtained from the two 
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approaches is possibly because the VW gauges represented Young's modulus 
of the concrete over a small area. 
Table 4.18 Response of VW gauges in uncored slabs I to VI for -IN/mm2 
======================================================================== 
Slab Hole Gauge length Vibrating wire gauges 
----------~----=-~----No. (mm) (mm) (microstrain) 
------------------------------------------------------------------------
a1 a2 a3 a4 -lOOO/al -a3/a1 
------------------------------------------------
I 150 140 -28.64 -13.57 5.20 -12.26 35.0 0.18 
II 150 140 -27.18 -14.46 4.36 -11.11 36.8 0.16 
III 150 140 -22.60 -15.69 3.83 -12.56 44.2 0.17 
IV 75 64 -33.46 -13.04 6.95 -9.64 29.9 0.21 
V 75 64 -33.57 -13.87 7.12 -10.44 29.8 0.21 
VI 75 64 -30.37 -12.16 4.22 -9.93 32.9 0.14 
b1 b2 b3 b4 
------------------------------
I 150 64 -25.47 -0.38 1.31 -22.09 
I I 150 64 -23.88 -0.43 1.11 -21.24 
III 150 64 -23.17 -0.37 -0.12 -17.82 
======================================================================== 
4.5.2.3 Released strains 
Each slab was loaded up to 500kN and then carefully cored with a diamond 
drill bit. Monitoring of changes in the VW gauge readings was started 
just after coring and continued for periods of between 24-48 hours. 
Temperature corrections were performed on all VW gauge readings affected 
by cooling water from the drill. To monitor the redistribution of locked-
in stresses and reversible drying shrinkage, the changes in the grid of 
Demec gauges across the hole were checked immediately after coring and 
the following day in slabs I, II and III. A typical distribution for 
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slab I is shown in Figure 4.28. This graph indicates that the released 
strain increased on the day after coring. 
30 Slab-I x after coring 
o day after coring 
0 
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Figure 4.28 
Distribution of the released load at midsection of slab I 
To compare the total released load for these slabs with those calculated 
from the multiplication of the hole area by the stress applied, Table 
4.19 was prepared, based on the Young's moduli of the slabs from the 
Demec grid. 
Table 4.19 Released load from Demec grid on slabs I,ll & III 
============================================================= 
Slab 
NO. 
I 
II 
III 
Expected 
(kN) 
75.0 
75.8 
75.8 
Grid of Demec gauges 
cored (kN) Day after 
25.1 
40.2 
22.1 
73.7 
67.5 . 
50.1 
============================================================= 
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Slab I and II indicated values close to those obtained from calculation 
but slab III indicated a much lower release even after one day. It was 
decided to continue the monitoring of this slab for one more day. 
The variation of the released strains in the VW gauges of slabs I,ll and 
III with respect to time are shown in Figures 4.29 to 4.31. VW gauges 
lIa2" and'la4" should have produced similar results. Also VW gauges "bl" 
and Ib4" should have produced similar results, and VW gauges Ib2" and 
Ib3". 
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Released strains in VW gauges on slab I 
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Released strains in VW gauges on slab II 
Close inspection of these Figures indicates that: 
a) In each slab, the "a" gauges or the "b" gauges had changed similarly 
with respect to time irrespective of the gauge orientation. 
b) Releases from the 140mm gauges were more consistent and slabs I and II 
had very similar curves. 
c) The Young's moduli of slab III should be higher than that of slabs I 
and II, comparing the difference between the "al" and "a3" gauges. 
d) The strain changes in the 140mm VW gauges between 22h and 48h were 
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relatively small but the changes in the· 64mm VW gauges were slightly 
more. 
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Figure 4.31 
Released strains in VW gauges on slab III 
The principal released strains and the direction of the maximum principal 
strain in the VW gauges of slabs I,ll and III are given in Table 4.20. 
The magnitude of the principal released strains and the direction of the 
maximum principal strain were calculated using the Lightfoot(43) method. 
Close inspection of Table 4.20 indicates similar points as those 
mentioned before for the slabs of different size in section 4.4.2.3. But 
as a whole the 140mm VW gauges.,predicted the direction of the maximum 
principal strains better than the 64mm VW gauges, and the changes in the 
(€1-E2) values were muc~ less in the case of the 140mm VW . gauges. This 
indicated that the 140mm VW gauges were more suitable from the above 
POints of view for a 150mm hole size than the 64mm VW gauges. 
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Table 4.20 Principal released strains in slabs I, II & III 
======================================================================== 
Slab Stress Gauge Gauge Time after £1 £2 ~ (£1-£2) 
No. (N/mm2) l(mm) angle coring(h) (~s) (~s) degree (~s) 
------------------------------------------------------------------------
I 
-4.89 140 0.0 0 46.04 -34.22 2.86 80.26 
140 0.0 1 53.17 -28.37 3.25 81.54 
140 0.0 3.5 53.83 -22.68 3.51 76.51 
140 0.0 22 57.22 -22.74 3.06 79.96 
64 22.5 0 59.62 -39.11 -20.21 98.73 
64 22.5 1 62.06 -30.36 -20.04 92.42 
64 22.5 3.5 63.26 -25.21 -19.59 88.47 
64 22.5 22 68.13 -16.94 -18.20 83.07 
------------------------------------------------------------------------
II 
-4.92 140 0.0 0 41.57 -32.10 6.50 73.67 
140 0.0 1 44.41 -28.14 5.34 72 .55 
140 0.0 3 45.96 -28.43 6.98 74.39 
140 0.0 23 54.91 -20.88 3.77 75.79 
64 22.5 0 52.19 -36.36 -15.67 88.55 
64 22.5 1 54.23 -30.33 -14.59 84.56 
64 22.5 3 56.69 -21.28 -14.70 77 .97 
64 22.5 23 62.31 -0.69 -13.71 63.00 
------------------------------------------------------------------------
III 
-4.89 140 0.0 0 32.38 -28.81 5.05 61.19 
140 0.0 1.5 35.87 -23.48 3.95 59.35 
140 0.0 3 41.50 -17.54 4.88 59.04 
140 0.0 22 49.05 -12.39 6.26 61.44 
140 0.0 48 50.91 -13.42 5.80 64.33 
64 22.5 0 45.72 -26.43 -14.34 58.97 
64 22.5 1.5 46.75 -16.27 -13.25 63.02 
64 22.5 3 50.25 -7.53 -11. 73 57.78 
64 22.5 22 63.06 -1.84 -9.39 64.90 
64 22.5 48 68.90 -2.12 -10.,28 66.78 
======================================================================== 
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Variation of the 64mm VW gauges on slabs IV,V and VI with respect to time 
after coring are shown in Figures 4.32 to 4.34. For each slab the curves 
were almost parallel to one another indicating that they were all 
influenced by the same phenomena, for example reversible drying shrinkage 
and redistribution of locked-in stresses. The changes in the VW gauges 
with respect to time became less significant for slabs IV, V and VI in 
that ord~r. This could be due to a reduction in the magnitude of locked-
in stresses with age. Slab VI only showed a small variation with time, so 
that monitoring of the VW gauges was stopped on the day after the coring 
operation. 
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Released strains in VW ga~ges on slab IV 
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Released strains in VW gauges on slab V 
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Released strains in VW gauges on slab VI 
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The principal released strains and the direction of the maximum principal 
strain in slabs IV,V and VI are summarised in Table 4.21. The magnitude 
of the principal released strains and the direction of the maximum 
principal strain were calculated using the Lightfoot(43) method. Again, 
the direction of the maximum principal strains was predicted closely and 
(81-82), the differences between principal values, were not changing a 
lot with· time. However, individual 81 and £2 values were changing quite 
significantly with time. In order to find the effects of reversible 
drying shrinkage and redistribution of locked-in stresses, these slabs 
were gauged at a different position and cored under no load. 
Table 4.21 Principal released strains in slabs IV,V & VI 
======================================================================== 
Slab Stress Gauge Gauge Time after 81 82 ~ (81-82) 
No. (N/mm2) l(mm) angle coring(h) (~s) (~s) (degree) (~s) 
------------------------------------------------------------------------
IV 
-4.91 64 0.0 0 24.97 -54.06 0.87 79.03 
64 0.0 1 26.72 -47.59 0.95 74.31 
64 0.0 2 28.15 -45.93 1.34 74.08 
64 0.0 4 28.96 -41.84 1.33 70.80 
64 0.0 21 52.52 -24.00 0.82 76.52 
64 0.0 45 66.20 -14.21 2.14 80.41 
------------------------------------------------------------------------
V 
-4.90 64 0.0 0 13.44 -59.81 4.44 73.25 
64 0.0 1 9.86 -60.69 3.97 70.55 
64 0.0 2 9.75 -57.71 3.45 67.46 
64 0.0 4.5 12.57 -53.72 3.34 66.29 
64 0.0 22 23.72 -46.74 6.12 70.46 
64 0.0 44 35.36 -42.72 7.14 78.08 
------------------------------------------------------------------------
VI 
-4.90 64 0.0 0 32.40 -51. 26 1.49 83.66 
64 0.0 1 25.87 -52.13 1.14 78.00 
64 0.0 " 1.5 22.77 -51.22 1.23 73.99 
64 0.0 2.5 22.70 -54.27 1.34 76.97 
64 0.0 5 24.08 -49.68 1.10 73.76 
64 0.0 22 28.97 -47.77 2.58 76.74 
======================================================================== 
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In Figure 4.35 the position of the hole on a typical slab and the gauges 
used are shown. Tests on all three slabs indicated that at about 21-24 
hours the VW gauges had very small readings, Figure 4.36. These readings 
were between +2~s to -5~S. ' Hence, it was decided to interpret stra in 
releases at 24 hours after coring for this system. 
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Position of the hole and instrumentation of slabs cored under no load 
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Strain variations in VW gauges on the slabs cored under no load 
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4.5.2.4 Simulation of released strains 
In the previous section, an estimate was obtained of the time for the 
effect of variables such as reversible drying shrinkage and the 
redistribution of the locked-in stresses to be minimum. However, it was 
still decided to generate the simulated release strains as an extra 
cross-check on the results of the strains measured from coring the slabs 
under load. After coring , all the slabs were loaded incrementally in 
steps of 125kN up to 500kN. Using the least-squares method the 
corresponding strain at each VW gauge for a stress equivalent to -IN/mm2 
was obtained. The results are summarised in Table 4.22. 
Table 4.22 Response of VW gauges in cored slabs I to VI for -IN/mm2 
=================================================================== 
Slab H ole Gau ge 1 e n gt h __ V_i..;..b r_a_t_i-:ng,,--w_i _re--,=,g_a-:u g==-e_s _ 
No. (mm) (mm) (microstrain) 
------------------------------------------------------
a1 a2 a3 a4 
------------------------------
I 150 140 -19.96 -10.69 -1.45 -9.92 
II 150 140 -16.83 -10.85 -1.33 -9.36 
III 150 140 -13.85 -10.65 -0.69 -10.43 
IV 75 64 -19.84 -10.23 -0.39 -7.74 
V 75 64 -21.33 -10.93 -0.22 -8.71 
VI 75 64 -21.15 -8.81 -1.31 -8.59 
b1 b2 b3 b4 
------------------------------
I 150 64 -13.90 -5.19 -4.07 -12.14 
II 150 64 -12.52 -3.57 -3.74 -11.21 
III 150 64 -12.65 -2.79 -4.01 -11.15 
======================~=============================== 
The simulated release strains were obtained from the difference between 
the VW strains in the cored slabs and uncored slabs multiplied by the 
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applied stresses. These values are summarised in Table 4.23. 
Table 4.23 Simulated release strains in VW gauges for slabs I to VI 
======================================================================= 
Slab Hole 
No. '(mm) 
Gauge 
l(mm) 
Gauge 
angle 
82 $ 
(~s) (degree) 
-----------------------------------------------------------------------
I 150 140 
64 
0.0 
22.5 
57.36 -32.29 0.85 
68.81 -41.10 -20.52 
89.65 
109.91 
-----------------------------------------------------------------------
II 150 140 
64 
0.0 
22.5 
52.05 -27.40 3.31 
67.87 -34.95 -19.57 
79.45 
102.82 
-----------------------------------------------------------------------
II I 150 140 
64 
0.0 
22.5 
47.10 -19.27 6.20 
55.11 -31.00 -16.93 
66.37 
86.11 
-----------------------------------------------------------------------
IV 75 64 0.0 65.09 -38.06 1.24 103.15 
-----------------------------------------------------------------------
V 75 64 0.0 59.82 -36.37 1.76 96.19 
-----------------------------------------------------------------------
VI 75 64 0.0 46.76 -26.21 3.86 72.97 
======================================================================= 
Comparing the measured release strains of Tables 4.20,4.21 with 
the simulated values of Table 4.23 indicates that: 
a) For the 140mm VW gauges on slabs I to III. 
i) The (81-82) values from the measured release strains were about 
10% below the corresponding values from the simulated approach. 
ii) The 82 values were similar to their corresponding simulated 
values in the first few ho~rs after coring. 
iii) The 81 values were similar to their corresponding simulated 
values on the day after coring. 
iv) The ~ values were similar to their corresponding simulated 
values. 
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b) For the 64mm VW gauges of slabs I to III. 
i) The (£1-£2) values from the measured release strains were 
between 25% to 40% below the corresponding values from the simulated 
approach. 
ii) The £2 values were similar to their corresponding simulated 
values right after coring. 
iii) The £1 values were similar to their corresponding simulated 
values on the day after coring. 
iv) The ~ values were similar to their corresponding simulated 
values, but the 140mm VW gauges ~ values were closer to their 
corresponding simulated values. 
c) Released strains from the 64mm VW gauges of slabs VI to VI did not 
compare well with the corresponding simulated values. Only the directions 
of the maximum principal strains were similar in the two approaches. 
It was concluded that the 140mm VW gauges, even when parameters such as 
reversible drying shrinkage and locked-in stresses were involved, could 
produce satisfactory results compared to the simulated approach. 
4.5.2.5 Jacking test 
After the coring operation and when monitoring of the VW gauges was 
completed, jacking tests were performed in the following order: 
i) Three times along the "a111 VW gauges, which were in the vertical 
direction. 
il) Twice along the la2" VW gauges, which were at 45 degrees 
clockwise from the vertical direction. 
iii) Twice along the lIa¢" VW gauges, which were at 45 degrees 
anticlockwise from the vertical direction. 
lv) Twice along the "b111 VW gauges, which were at . 22.5 degrees 
clockwise from the vertical direction. 
v) Twice along the Ib4" VW gauges, which were at 22.5 degrees 
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anticlockwise from the vertical direction. 
Results of the jacking tests along the different directions for each 
gauge pattern were then averaged and were considered as the response of 
the VW gauges to the jacking test. 
Jacking tests in the above directions minimised the chance of cracking 
the top and bottom sides of the hole. The results of the jacking tests 
are summarised in Table 4.24. 
Table 4.24 Jacking test on uniaxially loaded slabs 
==================================================================== 
Slab Thickness Hole Gauge Strain in VW gauges 
No. ( mm ) ( mm ) 1 (mm) Longitudinal Transverse 
--------------------------------------------------------------------
I 103.2 150 140 
64 
-12.37 
-16.34 
2.22 
3.04 
--------------------------------------------------------------------
II 102.5 150 140 
64 
-12.79 
-16.01 
2.88 
2.84 
--------------------------------------------------------------------
III 103.1 150 140 
64 
-12.26 
-15.96 
2.49 
3.07 
--------------------------------------------------------------------
IV 102.5 75 64 -28.30 4.72 
--------------------------------------------------------------------
V 102.7 75 64 -34.80 4.14 
--------------------------------------------------------------------
VI 102.6 75 64 -24.09 5.15 
==================================================================== 
Strain in microstrain for 10kN of load 
The edges of the 75mm hole cored in slab V spalled and Plastic Padding 
was used to repair the edges. Although the jacking te~t was still 
performed on this hole, it was decided to ignore the results of the 
jacking test for this slab. 
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The response of the 64mm VW gauges around the 150mm holes due to the 
jacking test was considered as the parametric studies of the jacking test 
and was later compared with the results of the numerical models. The 
response of the 140mm VW gauges due to the jacking test were similar in 
slabs I,ll and III, the interesting point was that the response of the 
64mm VW gauges due to the jacking test on the same slabs was also 
similar~ This indicated that the two gauges which had different lengths 
and were positioned at different distances from the hole, indicated 
similar variations in the material properties. 
The Young's moduli of the slabs with the 150mm holes were assessed using 
equation (4-4), section 4.3.2.5. The Young's moduli of the slabs with 
75mm holes were assessed using equation (4-7), section 4.4.2.5. These 
values were compared with those obtained from the Demec grid and the VW 
gauges after initial loading of the slabs. The results are summarised in 
Table 4.25. 
Table 4.25 Comparison of Young's moduli of uniaxially loaded slabs 
===-=============================================================== 
Slab 
No. 
Jacking test 
(kN/mm2) 
Demec gauges 
(kN/mm2) 
VW gauges 
(kN/mm2) 
------------------------------------------------------------------
I 41.5 37.2 35.0 
II 40.5 36.5 36.8 
III 42.0 33.5 44.2 
IV 36.5 36.8 29.9 
VI 42.9 37.0 32.9 
================================================================== 
Slab V is excluded. 
The Young's moduli assessed by the jacking tests for slabs I,ll and III 
using equation (4-4) for 150mm holes and 140mm VW gauges were all higher 
than those obtained from the Demec gauges. As further tests on this hole 
size were in the programme, the correction of equation (4-4) was 
postponed to that time. However, the tests with 75mm holes were finished 
and it was possible to adjust equations (4-6) and (4-7) based on the 
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results of the jacking tests and the simulated release strains on the 
800mm slab with a 75mm hole, slab IV and VI. These equations are given 
be low. 
and 
1 
t [
32.84 12.14] Lp 
12.14 32.84 
-101 x 1000 
E = -----
t x S11 
•••• (4-8) 
•••• (4-9) 
Where all the parameters are as explained in section 4.4.2.5. 
The stresses based on equation (4-3), section 4.3.2.4, were calculated 
for slabs I,ll and III, which was for 140mm gauges around 150mm holes. 
Table 4.26 compares the applied stresses with those obtained from the 
jacking tests. Close inspection of this table indicates that: 
a) Although the values of 61 and 62 were changing with time, the value of 
(61-52) had not changed as much. 
b) The magnitude of 61 and 62 became more negative with time, which could 
be due to redistribution of locked-in stresses. 
c) The last set of readings provided similar values of 61 to the 
corresponding applied values. In slabs I and II even 62 values were close 
to the corresponding applied value. It should be remembered that the 
released strains obtained from the grid of Demec gauges indicated that at 
about this time the released loads were close to the expected values, 
refer to Table 4.19 and Figure 4.28. 
Because of relatively close agreement between the applied stresses and 
the calculated values, it was decided to modify equation (4-3) at the end 
of the tests on biaxially loaded slabs. 
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Table 4.26 Stresses in slabs I,ll and III based on jacking test 
=================================================================== 
Slab Applied stresses Time after Stresses from jacking test 
No. 01 62 coring(h) 01 62 (61-62) 
----------------------------------~--------------------------------
I 
-4.89 0.0 
II 
-4.92 0.0 
III 
-4.89 0.0 
o 
1 
3.5 
22 
o 
1 
3 
23 
o 
1.5 
3 
22 
44 
-3.85 
-4.22 
-4.42 
-4.96 
-3.04 
-3.49 
-3.64 
-4.87 
-2.27 
-2.88 
-3.75 
-4.80 
-4.96 
1.83 
1.10 
0.67 
-0.07 
1.69 
1.17 
1.14 
0.00 
1.72 
0.99 
0.10 
-0.79 
-0.76 
-5.68 
-5.32 
-5.09 
-4.89 
-4.73 
-4.66 
-4.78 
-4.87 
-3.99 
-3.87 
-3.85 
-4.01 
-4.20 
=================================================================== 
Stresses in N/mm2 
In order to produce an experimental parameter study on the response of 
the 140mm VW gauges, gauges la1" and la3" were positioned further away 
from the holes by 25mm. Then jacking tests were performed along the 
direction of the la1" gauges and the results are given in Table 4.27. 
These results were later compared with those from the numerical models. 
At this stage it was decided to perform a jacking test in the horizontal 
direction along the la3" gauges. To check cracking of the concrete at the 
boundaries of the hole, 64mm VW gauges were mounted at the top and bottom 
edges of the hole. Figure 4.j7 shows the 140mm gauges in their new 
Position and also the 64mm gauges at the top and bottom of the hole. The 
150mm jacking assembly is still in the hole, shortly afte'r the vertical 
Cracks had developed. 
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Table 4.27 Jacking test with 140mm VW gauges in new position 
=== == === ==== ==== ==== ======= ======= == === === ===== ======== === == 
Slab Hole Gauge Strain in VW gauges 
No. (mm) l(mm) Longitudinal Transverse 
--- -- -- - - --- -- - - -- -- -- - --- - --- --- - - -- - --- --- - - - - - -- -- -- - -- - -
I 150 
II 150 
II I 150 
140 
140 
140 
-9.48 
-10.34 
- 9.04 
2. 38 
2.60 
2.34 
=== =========== ======= == ===== ==== ====== ===== ==== ========== === 
Strain in microstr a in for 10kN of load 
Figure 4.37 
Cracki ng s lab III by j acking test 
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This test was performed only on slab III. A load of 500kN was applied to 
the slab, corresponding to a compressive stress of 4.88N/mm2• This 
produced a tensile strain of 32ps at the top and bottom of the hole. Then' 
the jacking test in the horizontal direction was performed, which 
corresponded to the worst possible condition. Loads in steps of lOkN up 
to 120kN were applied by the jack and the VW gauges were continuously 
monitored. 
The strain changes in the VW gauges with respect to load are shown in 
Figure 4.38. It was observed that up to 60kN all the gauges were 
indicating linear behaviour of the concrete. Between 60kN to 90kN 
nonlinear behaviour was noticed. At 90kN, VW gauges at the top and bottom 
of the hole started to tead large strains, indicating crack development. 
This was accompanied by a reversal of strain changes in the transverse 
gauges and no change in the longitudinal VW gauges for an increment of 
lOkN. It was concluded that even in the worst condition, the jacking test 
would not cause cracking at the edges of the hole for a load up to 60kN. 
linear behaviour Non-linear Crack 
3000 .;,J~ --=":'--=":::":-'-~"':"':"'-":"'::":"---h-b~e hLa-v":"""i o-u-=-r -i~d-=-ev:-:-eli::o-:-p m=-e::n~t Sid e VW IZI 
-20x Longi tudinal x 
2500 
100xTransverse 0 
2000 
,S 1500 
t::I 
Co. 
..... 
'" $ 1000 
500 
Long i tudinal 
r 0 
! 
.-$-t 
I-~~ ~devw t Trans v er $I 
o -l-~~dZI::~Q:::::::::=~::::::=--=-----r-------!.--JaCking lo( 
o 50 100 . 150 (kN) 
Figure 4.38 
Response of VW gauges before and after cracking concrete 
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4.6 Biaxially loaded slabs 
Because the results from the uniaxially loaded slabs with 150mm holes 
produced promising results, it was decided to perform trial tests in a 
biaxial stress field just for this hole size. In total three slabs were 
tested a~d a further four slabs were left for future testing with a 75mm 
hole arrangement. 
4.6.1 Test apparatus 
The vertical loading assembly was not altered and a self-stressing system 
was added in the horizontal direction, to provide a biaxial loading 
system. The instrumentation of each slab was modified for the horizontal 
direction. The details are explained in this section. 
4.6.1.1 Slabs and instrumentation 
Slabs VII,VIII and IX, of nominal size 1000xl000xl00mm, were used for 
this part of the investigation. As explained in section 4.5.1.1, only one 
150x150x300mm prism was made from the batch used for the middle part of 
the slabs, where the majority of release was going to take place. Also 
two 100x100xl00mm cubes were made from each batch. The instrumentation 
used for slabs I,ll and III shown in Figure 4.16 was modified by the 
addition of a vertical grid of Demec gauges across the core position to 
check the distribution of the horizontal load and to measure the Young's 
modulus of each slab in the horizontal direction. The numbering system of 
the VW gauges was as shown before in Figure 4.19. The instrumentation of 
these slabs is shown in Figure 4.39. 
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Vibrating ",ire gauge 1= 64mm. 
Oemec pip 
100 100 so 
Figure 4.39 
Instrumentation of slabs VII,VIII and IX 
4.6.1.2 Loading assembly 
As described in section 4.4.1.2, the vertical loading system 'consisted of 
a stiffened frame capable of applying 500kN of load. A horizontal self-
stressing loading system was then added. In Figure 4.40 the biaxial 
loading system is shown. The horizontal loading system was based upon two 
500kN hydraulic jacks working in parallel, resting on an "L" shaped steel 
frame. The load from each jack was transmitted through a ball joint and a 
SOOkN load cell. Each load was then divided into two, providing a four 
POint load on the vertical edge of a slab. The total load was reacted 
against the other end of the slab using four 26mm Dywidag bars. Two of 
the bars were attached to each jack and ran along either side of the 
slab. The bars attached to horizontal spreader beams so that four point 
loads were applied at the far end of the slab. To reduce side loads on 
the slabs at the fa~ end, the four pOint loads were passed through hinges 
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Figure 4.40 
aiaxial loading system 
Figure 4.41 
Close up of a hinge at far end from the horizontal jacks 
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which were capable of rotation about the vertical axis, Figure 4.41. 
Machine faced steel plates of 40mm thickness were used to distribute the 
four point loads onto the slab edges. At the position of each pOint load 
an extra 40mm plate was used to improve the dispersion of the load. The 
"L" shaped frame was sitting on rollers to allow for the extension of the 
bars. Other parts of the system were hung from the stiffened frame of the 
vertical loading system. The horizontal loading system was therefore 
self-stressing and capable of applying up to 1000kN of load. 
The biaxial loading system was used with its maximum capacity. A vertical 
compressive stress of about 5N/mm2 and a horizontal compressive stress of 
ab9ut 10N/mm2 were acting on each slab. Therefore the tangential stresses 
around a circular hole were going to be compressive, 25N/mm2 at the top 
and bottom of the hole and 5N/mm2 at the vertical sides of the hole. 
4.6.2 Test procedure 
The test procedure was designed to show the repeatability of the pattern 
of released strains around the 150mm holes in a biaxial stress field. A 
biaxial stress field is more realistic compared to a uniaxial stress 
field. Hence, it was hoped that the outcome of the tests on the biaxially 
loaded slabs would provide more information on the validity of the 
proposed method for the assessment of stresses in concrete structures. In 
principle the same tests were performed on these slabs again, and due to 
the nature of the stress field it was possible to do the jacking test 
along each VW gauge direction. 
4.6.2.1 Material properties 
The Young1s moduli and the cube crushing strength of the toncrete slabs 
obtained from the prism and cubes of the batch used in the middle part of 
the slabs were tested in accordance with the relevant British Standard 
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recommendations. The Poisson's ratios were obtained from the ratio of the 
transverse to longitudinal prism strains under load. These properties are 
summarised in Table 4.28. 
Table 4.28 Material properties of slabs VII to IX 
======================================================================== 
Slab' Hole 
No. (mm) 
V II 150 
VIII 150 
IX 150 
51.1 
48.2 
50.8 
E' E" 
(kN/mm2) (kN/mm2) 
34.2 
34.5 
32.6 
34.1 
35.0 
32.7 
Poisson's 
ratio 
0.15 
0.17 
0.16 
======================================================================== 
tcu Cube crushing strength. 
E' Young's modulus according to BS1881. 
E" Young's modulus from incremental loading. 
Because of the nature of the stress field no tensile stress was likely to 
be present around the circular holes. However, the maximum compressive 
stress of 25N/mm2, caused by coring the slabs under a vertical 
compressive stress of 5N/mm2 and a horizontal compressive stress of 
10N/mm2, was about half of the 28 days cube crushing strength of the 
concrete slabs. Although the maximum stress was rathe~ high, it was 
localised. In addition, the slabs were cored at an age of about six 
months when the concrete slabs were stronger. The Young's moduli were 
between 32.6 to 35.0kN/mm2 and the Poisson's ratios were between 0.15 to 
0.17. 
4.6.2.2 Initial loading of the slabs 
The top and bottom edges of the slabs were made parallel to each other by 
using Plastic Padding. Then," by partially dismantling the horizontal 
loading system, each slab was put inside the rig. Initially, loads in the 
vertical direction were applied in steps of 125kN up to 500kN. From the 
horizontal grid of Demec gauges, the distribution of load was checked and 
Young's modulus was also obtained using the least-squares method. The 
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response of the VW gauges was also obtained from the incremental loading 
for -1N/mm2 using the least-squares method. At this stage, the vertical 
load was kept at 500kN and horizontal loads were applied in steps of 
250kN up to 1000kN. From the vertical Demec grid, the distribution of 
horizontal load and Young's modulus in this direction was obtained, 
again using the least-squares method. The response of the VW gauges for 
-1N/mm2 'was also obtained. The response of the VW gauges in the two 
directions was later used to simulate the released strains under load. In 
Table 4.29 the Young's moduli are summarised. 
Table 4.29 Young's modulus for slabs VII to IX 
============================================== 
Slab 
No. 
VII 
VIII 
IX 
Vertical 
(kN/mm2) 
35.4 
39.1 
39.8 
Horizontal 
(kN/mm2) 
38.1 
39.9 
41.6 
============================================== 
In all three slabs the Young's moduli in the horizontal direction were 
slightly higher, on average 5%, than those in the vertical direction. 
Also, the Young's moduli obtained from the prisms were all smaller than 
the values determined from the slabs. 
The response of the VW gauges obtained from the incremental loadings is 
given in Table 4.30. The strange point is that the Young's moduli 
obtained from the "a" VW gauges indicated that the values in the vertical 
direction were higher than the corresponding horizontal values, and the 
moduli obtained from the grid of Demec gauges were indicating the 
opposite situation. This observation indicated the importance of a method 
that did not require the value of Young's modulus in the determination of 
the stresses in a concrete structure. It was decided that the Young's 
moduli obtained from the Demec grid should be used for the calibration of 
the jacking test in estimating the elastic modulus of the concrete, 
because they were based on the equilibrium of the forces at a cross-
section whereas the VW gauges only represented the local response of the 
concrete. 
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Table 4.30 Response of VW gauges on uncored slabs VII to IX for -IN/mm2 
========================================================================= 
Stress Slab Gauge 
direction No. l(mm) 
Vibrating wire gauges 
(microstrain) 
E 
(kN/mm2) 
-------------------------------------------------------------------------
vert ica 1 
vertical 
horizontal 
horizontal 
VII 
VI II 
IX 
VII 
V III 
IX 
140 
140 
140 
64 
64 
64 
VII 140 
VI II 140 
IX 140 
VI I 64 
V I II 64 
IX 64 
a1 a2 a3 a4 -1000/a1 -a3/a1 
-----------------------------------------------
-29.19 -15.28 4.39 -14.27 
-28.38 -14.71 4.92 -12.22 
-27.32 -11.62 4.49 -11.11 
b1 
-22.97 
-19.76 
-22.29 
b2 
~0.08 
1.08 
0.01 
b3 b4 
0.40 -22.58 
0.07 -21.17 
0.05 -22.69 
34.3 
35.2 
36.5 
0.15 
0.17 
0.16 
a1 a2 a3 a4 -1000/a1 -a3/a1 
-----------------------------------------------
5.42 -12.91 -31.11 -12.52 
5.90 -11.50 -30.38 -10.87 
5.48 -11.48 -28.84 -11.95 
b1 b2 b3 
1.07 -26.79 -25.52 
0.91 -25.22 -26.07 
0.62 -24.27 -23.36 
b4 
1.14 
1.14 
0.30 
32.1 
32.9 
34.7 
0.17 
0.19 
0.19 
========================================================================= 
4.6.2.3 Released strains 
Each slab was placed under a vertical load of 500kN and a horizontal load 
of 1000kN,. before removing a concrete core. Figure 4.42 shows the coring 
operation. To make sure that the slabs were not displaced from the rig 
during coring, they were supported from behind. Figure 4.43 shows the 
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support system and the precautions taken not to lose either VW or Demec 
gauges. Monitoring of the strain gauges was continued for 24 hours after 
coring, during which time both the vertical and horizontal loads were 
maintained at their full values. 
Th e heat generated from the compressor driving the two horizontal jacks 
introduced a new variable. The temperature of the environment increased 
about 4°C between the start of coring and the following day. Two sets of 
temperature corrections were performed on the gauge readings, for the 
individual gauges and for the slab as a whole. It was assumed that after 
two hours, because the temperature of the environment was increasing 
slowly, the concrete and the VW gauges both were responding to the 
gradual change in the environmental temperature. But within the first two 
hours after coring only the VW gauges were affected by the temperature of 
the environment and water . 
Figure 4. 42 
Coring operat ion on a biaxially loaded slab 
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Figure 4.43 
Supports at the back of slabs during coring 
The changes in the VW gauge readings with respect to time are shown in 
Figures 4.44 to 4.46. Again it was noticed that all the VW gauges on each 
slab, irrespective of the size and orientation, had changed similarly 
with time. In all cases, there was a plateau after the first hour up to 2 
to 3 hours after coring. But after that, all the gauges continued to 
indicate more positive strain values with time. It seemed that during 1 
to 3 hours after coring, a temporary equilibrium condition between 
redistribution of locked-in stresses, reversible drying shrinkage and the 
increase in the environmental temperature had been reached. After this 
initial stage, the temperature of the environment affected the concrete 
more than it affected the VW gauges . 
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Figure 4.46 
Released strains in VW gauges on slab IX 
The principal released strains and the direction of the maximum principal 
strain in the VW gauges of the biaxially loaded slabs are given in Table 
4.31. These values were calculated from the measured .release strains 
using the Lightfoot(43) method. Close inspection of the values in Table 
4.31 indicates that: 
a) The directions of the maximum principal stress predicted from the 
measured release strains were close to the expected values. This meant 
about 90 degrees for 140mm VW gauges and 67.5 degrees for 64mm VW gauges. 
b) Although the measured principal strains varied with time, the (E1-E2) 
values did not change as much. This again suggested redistribution of the 
locked-in stresses was the principal cause for these changes. 
c) Because of the effects of reversible drying shrinkage, locked-in 
stresses a·nd changes in the temperature of the environment, the principal 
released strains due to coring under the load could not be determined. 
Hence the simulated approach was again used as a guide. 
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Table 4.31 Principal released strains in bi axi ally loaded slabs 
======================================================================== 
Slab Stress Gauge Gauge Time after 81 82 ~ (£1-82) 
No. (N/mm2) l(mm) angle coring(h) (~s) (~s) (degree) (~s) 
------------------------------------------------------------------------
VII 0y=-4.90 140 0.0 0 82.01 -11.14 -88.75 93.15 
°h:;:-9.84 140 0.0 1 89.67 -4.30 -89.72 93.97 
140 0.0 2 92.80 -1.20 -89.51 94.00 
140 0.0 20 110.64 14.90 -89.87 95.74 
64 22.5 0 103.08 -17.82 68.27 120.90 
64 22.5 1 113.75 -11.65 69.24 125.40 
64 22.5 2 119.14 -7.09 69.12 126.23 
64 22.5 20 141.50 6.60 67.03 134.90 
------------------------------------------------------------------------
VI II 0y=-4.89 140 0.0 0 74.94 -17.97 -86.83 92.91 
°h=-9.83 140 0.0 1 88.78 -9.53 -87.35 98.31 
140 0.0 2.5 93.40 -8.32 -87.88 101.72 
140 0.0 22 106.38 4.82 -87.65 101.56 
64 22.5 0 99.39 -22.76 66.08 122.15 
64 22.5 1 111.27 -18.09 66.42 129.36 
64 22.5 2.5 117.63 -14.83 66.85 132.46 
64 22.5 22 137.69 -5.80 66.15 143.49 
------------------------------------------------------------------------
IX 0y=-4.90 140 0.0 0 82.67 -3.06 -88.94 85.73 
°h=-9.82 140 0.0 1 91.07 4.04 -87.76 87.03 
140 0.0 2 89.06 2.39 -87.59 86.67 
140 0.0 21 110.22 24.65 -85.48 85.57 
64 22.5 0 106.54 -17.07 68.68 123.61 
64 22.5 1 115.55 -10.99 68.38 126.54 
64 22.5 2 116.24 -11.51 68.22 127.75 
64 22.5 .·21 140.15 5.37 68.16 134.78 
======================================================================== 
d) Although the stresses in all three slabs were of the same order of 
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magnitude, the measured release strains were not the same due to the 
differences in the Young's moduli of the slabs at the cored position. 
Therefore the jacking test was used to allow for the effect of this 
variable in the assessment of the stresses. 
4.6.2.4 Simulation of released strains 
To simulate the released strains, the cored slabs were loaded 
incrementally in the same manner as employed in the initial loading of 
the slabs. The results were processed by the least-squares method to 
calculate the response of the VW gauges for -1N/mm2. In Table 4.32 the 
results are summarised. 
The difference in the response of the VW gauges in uncored and cored 
slabs from Tables 4.30 and 4.32 were multiplied by the applied stresses 
to simulate the released strains due to coring under the load. These 
values- are given in Table 4.33. Comparing the measured release strains 
of Table 4.31 with the simulated values of Table 4.33 indicates that: 
a) In the case of the 140mm VW gauges, it was noticed that: 
i) The (£1-£2) values from the measured release strains were about 
10% below the corresponding values from the simulated approach. 
ii) The principal released strains due to coring under the load 
between 1 to 3 hours after coring were similar to those obtained 
from the simulated approach. 
iii) The measured ~ values were similar to the simulated values. 
b) In the case of the 64mm VW gauges, it was noticed that: 
In principle the differences and similarities were the same as those 
observed from the 140mm VW gauges, with the exception that the 
measured (£1-£2) values on the day after coring had all increased. 
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Table 4.32 Response of VW gauges on cored slabs VII to IX for -IN/mm2 
========================================================================= 
Stress Slab Gauge Vibrating wire gauges 
direction No. l(mm) (microstrain) 
-------------------------------------------------------------------------
a1 a2 a3 a4 
vertical ------------------------------
VII 140 -16.87 -11.37 -1.84 -11.67 
VIII 140 -16.93 -12.13 -1.35 -10.02 
IX 140 -16.44 -9.21 -1.09 -8.87 
b1 b2 b3 b4 
vertical ------------------------------
VII 64 -11.18 -4.44 -4.00 -11.49 
VI II 64 -9.81 -3.50 -4.87 -11.97 
IX 64 -12.24 -4.37 -3.90 -11.74 
a1 a2 a3 a4 
horizontal -----------------------------
VII 140 -1.00 -8.96 -17.69 -8.52 
V II I 140 -1.39 -7.88 -17.52 -7.83 
IX 140 -0.79 -8.98 -17.32 -9.22 
b1 b2 b3 b4 
horizontal ------------------------------
VII 64 -3.03 -13.42 -12.35 -3.22 
VI II 64 -3.73 -12.88 -13.27 -2.29 
IX 64 -4.41 -12.67 -12.26 -4.01 
========================================================================= 
As a whole, the simulation method proved to be a powerful approach which 
could bypass the problems such as locked-in stresses, reversible drying 
shrinkage and changes in temperature of the environment. In real 
structures there are situations where some of the above factors do not 
exist. Locked-in stresses due to a gradient in the moisture content in an 
old concrete structure are probably very small. Where the relative 
humidity is high reversible drying shrinkage is likely to be minimal. 
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Table 4.33 Simulated release strains in VW gauges on slabs VII to IX 
======================================================================= 
Slab Hole Gauge Gauge ~1 ~2 ~ (€1-€2) 
No. (mm) 1 (mm) angle (~s) (~s) (degree) (~s) 
-----------------------------------------------------------------------
V I I 150 140 0.0 104.44 0.02 -88.36 104.42 
64 22.5 129.79 -5.21 66.28 135.00 
-----------------------------------------------------------------------
VIII 150 140 
64 
0.0 
22.5 
98.10 -13.62 -88.07 
119.75 -12.22 69.17 
111.72 
131.97 
IX 150 140 
64 
0.0 
22.5 
84.94 -9.02 -89.60 
108.79 -12.18 69.00 
93.96 
120.97 
======================================================================= 
The monitoring of the released strains with time and some understanding 
of the environmental condition of a structure should provide a basis for 
selecting the relevant released strains to use in assessing the stresses 
in a concrete structure. 
4.6.2.5 Jacking test 
After the coring operation and when monitoring of the VW gauges was 
completed, 150mm jacking tests were performed in the following order. 
i) Three times along the "a3" VW gauges, which were in the 
horizontal direction. 
ii) Twice along the "a2" VW gauges, which were at 45 degrees 
clockwise from the vertical direction. 
iii) Twice along the "a4" VW gauges, which were at 45 degrees 
anticlockwise from the vertical direction. 
iv) Three times along the" a1" VW gauges, which were in the 
vertical direction. 
v) Twice along each "b" VW gauge direction. 
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Results of the jacking tests along the different directions for each. 
gauge pattern were then averaged and were considered as the response of 
the VW gauges to the jacking test. Table 4.34 summarises the results. If 
the results of the jacking test along each direction is assumed to be a 
measurement of the same phenomena, then percentage error was obtained 
from the ratio of variance over the square root of the number of samples, 
in this' case four. 
Table 4.34 Jacking test on biaxially loaded slabs 
============================================================== 
Slab Thickness 
No. (mm) 
Gauge 
l(mm} 
Strain in VW gauges 
Longitudinal Transverse 
--------------------------------------------------------------
VII 102.5 
VIII 102.7 
IX 102.6 
140 
64 
140 
64 
140 
64 
-11.78±7% 
-15.40±1% 
-12.24±7% 
-14.85±3% 
-11.11±7% 
-15.29±4% 
2.66±7% 
3.13±2% 
2.66±3% 
3.16±6% 
2.43±6% 
3.16±3% 
============================================================== 
Strains in microstrain for 10kN of load 
The maximum error for the 140mm VW gauges was ±7%, and for the 64mm VW 
gauges was ±6%. If it is assumed that there was no additional error in 
the other parameters, the same percentage error is transferred into the 
assessment of the Young's moduli and the stresses based on the results of 
the jacking tests. 
The response of the 64mm VW gauges to the jacking test was considered as 
part of the parametric study of the jacking test and was later compared 
with the results of the numerical models. 
The Young's moduli of the slabs were assessed using equation (4-4), 
section 4.3.2.5. These values were compared with those obtained from the 
grid of Demec gauges and those deduced from the VW gauges at the initial 
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loading of the slabs. Because the jacking tests provided a single value 
for the Young's modulus of each slab, the Young's moduli in the 
horizontal and vertical direction obtained from the Oemec or VW gauges 
were averaged. Table 4.35 summarises the results. 
Table 4.35 Comparison of Young's moduli of biaxially loaded slabs 
================================================================= 
Slab 
No. 
Jacking test 
(kN/mm2) 
Oemec gauges 
(kN/mm2) 
VW gauges 
(kN/mm2) 
-----------------------------------------------------------------
VII 
VI II 
IX 
44.0 
42.3 
46.6 
36.8 
39.5 
40.7 
33.2 
34.1 
35.6 
================================================================= 
Based on the results of all the slabs made with the same maximum 
aggregate size of 10mm, equation (4-4) was modified and is given below. 
-465 x 100 
E = ----- ••.. (4-10) 
Where the parameters were as defined before for equation (4-4). Equation 
(4-10) predicts Young's moduli which is about 12.5% below those of 
equation (4-4). This difference might be due to the effect of the maximum 
aggregate size, which was 20mm in the case of equation (4-4). 
The stresses based on equation (4-3), section 4.3.2.4, were calculated 
for the slabs loaded biaxially. Table 4.36 compares the applied stresses 
and those obtained from the jacking tests. Close inspection of this table 
indicates that: 
a) Although the values of 61 and 02 were changing with time, the (61-52) 
values were not changing as much. On average the (°1-62) values were 
about 27% more than the applied stresses. All the previous slabs had 
shown good agreement in this respect. It might be possible that a 
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calibration based on the biaxially loaded slabs could reduce this effect, 
but the increase in temperature of the environment might have 
contributed towards this effect. 
Table 4.36 Stresses in biaxially loaded slabs based on the jacking test 
========================================================================= 
Slab Applied stresses Time After Stresses from jacking test 
No. 01 02 (61-52) coring(h} 51 02 (51-52) 
-------------------------------------------------------------------------
VII -9.84 -4.90 
VIII -9.83 -4.89 
IX -9.82 -4.90 
-4.94 
-4.94 
-4.92 
o 
1 
2 
20 
o 
1 
2.5 
22 
o 
1 
2 
21 
-8.95 -2.70 -6.25 
-10.17 -3.86 -6.31 
-10.68 -4.37 -6.01 
-13.53 -7.11 -6.42 
-7.47 -1.44 -6.03 
-9.39 -3.01 -6.38 
-9.95 -3.35 -6.60 
-11.99 -5.40 -6.59 
-9.93 -3.81 -6.12 
-11.32 -5.10 -6.22 
-10.99 -4.79 
-6.20 , 
-14.70 -8.58 -6.12 
========================================================================= 
Stresses in N/mm2 
b} The magnitude of 61 and 62 became more negative with time, which could 
be due to redistribution of locked-in stresses and the increase in the 
temperature of the environment affecting the concrete more than 
anticipated. 
c} The stresses assessed from'the jacking test were close to the applied 
stresses between 1 to 3 hours after coring. This was expected from the 
comparison of the measured release strains and results from the simulated 
approach. 
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d) It seemed that the redistribution of locked-in stresses was reached 
sooner than in the previous uniaxial tests. This was expected because 
concrete slabs at this age would have smaller magnitudes of locked-in 
stresses. In Figure 4.47 the calculated variation of locked-in tensile 
strain on the surface of the slabs based on the work of Carlson(49) is 
illustrated. The time factor is based on changes in shrinkage strains 
accord~ng to ACI-209(53). The ultimate shrinkage strain of this concrete, 
was estimated to be 450 microstrain based on the measurements of 
Edgington(56) on mortar which was later adjusted for aggregate content. 
This figure indicates that the locked-in stresses at the time of the 
coring tests on the biaxially loaded slabs was less than half of those in 
the uniaxially loaded slabs. Previously, for uniaxially loaded slabs, it 
was shown that at about 22h hours after coring the redistribution of 
locked-in stresses is a minimum, refer to Figure 4.28 and Table 4.19 • 
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Figure 4.47 
Variation of locked-in strain on the surface of the 100mm thick slabs 
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Modification of equation (4-3) was attempted at this stage, using the 
simulated release strains and the jacking tests on all the slabs with a 
150mm hole. Therefore 1200mm, 1000mm and 800mm slabs, slabs I to III and 
slabs VIII to IX were considered. The modified equation is given below. 
1 [ J3.3±O.7 4.4±O.6 1 Qp = fp 
t 4.4±O.6 13.3±O.7 
or 
Qp = (l/t)[A] Ep ••.• (4-11) 
Where: 
&p vector of principal stresses. (N/mm2) 
Ip vector of re-establishing forces along principal directions. (kN) 
t thickness of specimen. (mm) 
The error in the elements of matrix [A] were of the same order indicating 
that both the principal strains have the same amount of error. 
4.7 Conclusions 
The general conclusions from the experimental part of this research are 
as follows: 
i) The jacking test on 150mm holes with a 140mm VW gauge pattern provided 
a practical in situ method for the assessment of Young's modulus in 
concrete. 
ii) An alternative 75mm jacking assembly was also designed which could be 
used in situations where the 150mm jacking assembly was not appropriate, 
and again a realistic in situ value of Young's modulus could be assessed. 
iii) The strain release patterns from 140mm and 64mm VW gauges around 
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150mm holes were more consistent than strains recorded by 64mm VW gauges 
around 75mm holes. 
iv) Simulation of released strains, which was used to evaluate the 
releases in the absence of locked-in stresses, reversible drying 
shrinkage and temperature variation of the concrete and environment, 
proved 'to be essential for interpretation purposes. Simulated release 
strains were then used for the calibration of the jacking systems to 
assess concrete stresses. 
v) Jacking tests on 150mm holes could satisfactorily assess the stresses 
in, the cored slabs under the load and required no knowledge of the actual 
Young1s modulus of the concrete slabs. 
vi) Applying a jacking test in the worst possible direction proved to be 
safe and caused no cracking at the sides of the hole up to a load of BOkN 
on a 100mm thick slab, and the response of the VW gauges was also linear 
up to a load of 60kN 
vii) Understanding of the environmental conditions where a structure is 
situated proved to be vital. Locked-in stresses and reversible drying 
shrinkage are both under the influence of environmental conditions and in 
turn they affect the pattern of strain release recordeq by the strain 
gauges. 
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5.1 Introduct;on 
The experimental work presented in Chapter four was performed to obtain 
the strain release pattern from the vibrating wire gauges around circular 
holes, 
jacks. 
and to obtain the response of the VW gauges to the cylindrical 
Although, the experimental results were sufficient to be 
considered as the basis of the equations derived for the assessment of 
the residual stresses and the Young's moduli of concrete slabs, the 
numerical analyses were performed to support the experimental results. 
Therefore, the results of the numerical models were just used for 
comparison and not for modification of the equations of Chapter four. At 
the same time, by comparing the results of the two approaches, the 
reliability of the numerical models in the prediction of the response of 
the VW gauges to the coring and jacking operations was investigated. 
Numerical parameter studies were performed once the reliability of the 
theoretical models was assessed. 
In this Chapter numerical models based on the Finite Element Method 
(FEM), the Infinite Plate Theory {IPT} and the Boundary Element Method 
(BEM) are presented. In all the numerical models, it is assumed that, 
concrete is homogeneous, isotropic and behaves in a linear elastic manner 
with a Young's modulus of 3SkN/mm2. In addition,· it is assumed that 
concrete is under a plane stress condition. These assumptions by 
themselves may introduce some discrepancies between the actual behaviour 
of concrete and those predicted by the numerical models. 
5.1.1 F;nite element method (FEM) 
In this method the continuum is divided into a number of discrete 
elements. These elements are connected to one another at particular 
points around their circumference, referred to as "nodes". 
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Functions referred to as "shape functions" which satisfy the boundary 
conditions of all the nodes are then used to define a logical 
distribution of deformation within the element for a unit displacement at 
a node. At this stage the stiffness matrix of each element is calculated 
and added to the stiffness matrix of the whole continuum referred to as 
the "global" stiffness matrix. The global stiffness matrix is then solved 
to obtain the nodal displacements that satisfy the equilibrium of the 
internal and external loads. Once the nodal displacements are known the 
stresses and strains in each element can be obtained by using the shape 
functions. The shape function and the number of the nodes per element 
influence the accuracy of the finite element results. In addition, by 
increasing the number of the elements which idealise the structure, the 
results converge faster towards the actual values. There are a few 
elements that can be used for in plane stress analysis, the most 
versatile and powerful family of elements in this group are the 6 and 8 
noded isoparametric elements. The finite element method is explained in 
detail by Zienkiewicz(57), Bathe(58) and many others. The finite element 
analysis used here was the "LUSAS" package program by Finite Element 
Analysis Ltd. 
5.1.2 Infinite plate theory (IPT) 
Equations for the distribution of stresses and displacements around a 
circular hole in an infinite plate under a uniaxial stress field are 
available in most text books on theory of elasticity. In Appendix-I, 
the equations derived by Mushkhelishvili(59) are given. The difference 
between the displacements in an infinite plate without a hole and with a 
hole under a uniaxial stress field can be used to calculate the released 
pattern of strains around circular holes. In fact the corresponding 
strain for a strain gauge at any position and direction can be readily 
calculated using this method o'f analysis. The effect of Poisson's ratio 
can also be incorporated in the results. Considering the above 
characteristic of this method a parameter study for the strain release 
pattern from vibrating wire gauges around circular holes was performed 
and the results are given in section 5.4.2. 
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In Appendix-I general equations for obtaining stresses from the released 
pattern of rosette gauges around circular holes based on the IPT are 
derived. The Young1s modulus and the Poisson1s ratio of the concrete are 
required to be known in order to assess the stresses using these 
equations. 
5.1.3 Boundary element method (BEM) 
In, this method the boundary of the structure is divided into discrete 
elements and approximate functions are used which satisfy the stress 
strain relationships inside the structure but not at the boundary nodes. 
Then the displacements and reactions are calculated to satisfy the 
compatibility and equilibrium at the boundaries. Once the boundary 
conditions are solved the displacement and the stresses at any internal 
points can be calculated without increasing the size of the global 
stiffness matrix. The mathematical procedures of this method are more 
complicated than those of the finite element method. The method is 
explained in detail by Brebbia(60,61), and Banerjee and Butterfield(62). 
The analysis performed using this method was based o~ a program by 
Brebbia(60). The original program was for plane strain conditions and was 
modified to incorporate plane stress conditions. The elements used by 
Brebbia had constant displacement along their length, therefore to 
improve the accuracy of the results the capacity of the program was 
increased to accommodate more boundary elements. The advantages of this 
method over the finite element method are as follows. 
a) The numerical models could be idealised by just defining the boundary 
elements, hence the data preparation is less than that required for the 
FEM. 
b) The size of the global stiffness matrix defining the structure is 
smaller in the BEM than the FEM. Therefore it is possible to use a 
microcomputer to run the BEM program and to significantly reduce the cost 
compared to using a main frame computer for the FEM. 
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c) It is possible to idealise an infinite plate by just defining the 
boundary elements of a circular hole. Therefore it is a simple matter to 
numerically investigate a jacking test on an infinite plate. 
d) The parameter study is simpler using the BEM than the FEM, because 
after the solution of the stiffness matrix in the BEM, the stresses and 
displacements at any point in the structure can be obtained directly. 
5.2 Trial slabs 
The trial slabs of size 1200x750x100mm were idealised using the FEM, IPT 
and BEM. The analyses were performed for the loadings shown in Figures 
5.1 to 5.4. Loading one, Figure 5.1, represents loading the slab in 
the universal testing machine. The combined effect of the edge loading 
1 N/mm 2 
Longitudinal 
tl direction 
Transverse 
direct ion 
Figure 5.1 
Loading one, slab with hole 
Compressive 
ini tial stress 
1 Nlmm 2 
in ve r'ti cal 
d i r ection 
1 N/mm 2 
, 
Longitudinal 
direction 
Transverse 
direction 
Figure 5.2 
Loading two, simulated release 
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10·kN 
thickness 
of slab. 
Figure 5.3 
Loading three, concentrated jack 
1N/mm 2 
Figure 5.4 
Loading four, distributed jack 
and the initial vertical compressive stress, . loading two in Figure 5.2, 
simulates the release that would happen while coring under load. Loadings 
three and four, Figure 5.3 and 5.4 respectively, show the effect of the 
jacking test. The latter considers the load from the jack distributed 
evenly over the contact area in the hole, while the former considers a 
concentrated load for this purpose. 
5.2.1 Finite element model 
A numerical model using 8 and 6 noded isoparametric plane stress elements 
was built. The dimensions of the model were the same as the concrete 
slabs. Due to symmetry, only one quarter of the slab was considered and 
Figure 5.5 illustrates the mesh used in the analysis. The mesh data was 
generated using the ideas of formex algebra invented by Nooshin(63) and 
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the technique for Multinormic Problems developed by the author(64). The 
mesh size close to the hole was finer to pick up stress concentrations. 
In the analysis, a Young's modulus of 35kN/mm2 and Poisson's ratio of·O.2 
were used for the material properties. The mesh was designed to have 
nodes coinciding with the central positions of the VW blocks. 
Displacements of these nodes were used to simulate the vibrating wire 
gauge readings. Table 5.1 shows the calculated strains for corresponding 
gauges determined from the numerical model. 
Figure 5.5 
FEM mesh for the trial slabs 
Table 5.1 Strains in VW gauges using FEM for trial slabs 
=============================================================== 
Loading 
No. 
1 
2 
3 
4 
~ 
-17.28 
11.29 
-13.75 
-8.55 
Et 
(microstrain) 
1.33 
-4.38 
2.41 
2.02 
-8.51 
2.92 
-0.14 
~2.05 
================================================ 
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5.2.2 Infinite plate model 
In an infinite plate under plane stress conditions the corresponding 
strains in the gauges can be calculated. For the Young1s modulus of 
35kN/mm2 and for Poisson1s ratios of 0.15 and 0.20, the equations derived 
by Mushkhelishvili(59) given in Appendix-I were used to calculate the 
corresponding strains at the position of the VW gauges. The results are 
summarised in Table 5.2. Because of the limitation of the method only 
loading numbers one and two were considered. 
Table 5.2 Strains in VW gauges using IPT for trial slabs 
============================================================== 
Poisson1s 
ratio 
Loading 
No. 
€t €45 
(microstrain) 
--------------------------------------------------------------
0.15 1 -16.82 -1.26 -9.04 
2 11.75 -5.55 3.10 
0.20 1 -16.78 0.39 -8.19 
2 11.79 -5.32 3.24 
===================================================~========== 
5.2.3 Boundary element model 
There are two boundaries for a slab, one is the boundary of the hole, the 
other is the boundary of the rectangle. The boundary of the hole was 
divided into 24 elements each covering a 15 degree arc. The boundary of 
the rectangle was divided int~ 32 elements, with smaller elements close 
to the corners in order to improve the accuracy. The analysis was 
performed for a Young1s modulus of 35kN/mm2 and Poisson1s ratios of 0.15 
and 0.20. The corresponding strains for the VW gauges around a 150mm hole 
were calculated from the displacements of the points corresponding to the 
VW blocks. The results are summarised in Table 5.3. 
P~n~ 14? 
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Table 5.3 Strains in VW gauges using BEM for trial slabs 
============================================================== 
Poisson's 
ratio 
Loading 
No. 
£t £45 
(microstrain) 
--------------------------------------------------------------
0.15 1 -17.92 0.06 -9.19 
2 10.65 -4.23 2.95 
3 -13.66 2.72 -0.27 
4 -8.39 2.10 -2.91 
0.20 1 -18.09 1.79 -8.44 
2 10.48 -3.92 2.99 
3 -13.97 2.51 -0.37 
4 -8.60 1.90 -3.10 
============================================================== 
5.2.4 Comparison of numerical methods 
The numerical models, although quite different produced similar results. 
The results of the BEM were close to the FEM values, Tables 5.3 and 5.1, 
therefore the BEM was adequate for any further applications. In the BEM 
and IPT, the effect of Poisson's ratio on the transverse and 45 degree 
strains in loading number 2, released strains, is less than those in 
loading number one, loading a slab with a hole. This shows that Poisson's 
ratio only has a small effect on the released strains. In the BEM, the 
effect of Poisson's ratio on the longitudinal and transverse strains in 
loadings number 3 and 4, jacking test, is also relatively small. 
5.2.5 Comparison with experimental work 
Tests on. slab A indicated a Young's modulus of 39kN/mm2, hence for 
comparison purposes the experimental strains had to be multiplied by 
39/35. In addition, the experimental results had to be modified for the 
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applied load. In Table 5.4 the strains obtained from experiments are 
modified to compare directly with the predictions in Tables 5.1 to 5.3. 
It is important to mention that, strains obtained from the numerical 
models are average strains between two points where as the VW gauge 
results represent average strains over an area covered by the VW blocks. 
Table 5.4 Experimental strains in slab A for E=35kN/mm2 
================================================================= 
Loading 
No. 
€t 
(microstrain) 
------------------------------------------------
1 -15.53 -0.57 -10.50 
2 13.04 -4.86 1.64 
3 -15.18 2.60 -0.47 
4 -16.10 2.75 -0.50 
================================================ 
Comparison of the strains obtained from the numerical models and the 
experiments indicates that: 
a) For loading number 1 and 2, the difference between the numerical 
models and the experimental values is within the range pf plus or minus 
2.5 microstrain in all directions for 1N/mm2 of applied stress. 
b) The longitudinal strain in loading number 2, released strains, is 
overestimated by 13% with the FEM, 10% with the IPT and 20% with the BEM. 
These percentages are with respect to the experimental value. 
c) The load distribution of the jack over the circumference of the hole 
is indeterminate, but the experimental results are very close to those of 
loading number 3 which is a concentrated load. 
d) Loading number 4, jacking load distributed over the contact area in 
the hole, provided an underestimate of the response of the VW gauges to 
the jacking load. 
e) The longitudinal strain in loading number 3, concentrated jacking 
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load, is underestimated by about 10% with both the FEM and the BEM. The 
percentage is with respect to the experimental value. 
f) It would be very difficult to make a numerical model that simulates 
the vibrating wire gauge readings and load distribution from the jack. 
5.3 Size effects 
In this section the numerical models for the slabs 1200x1200x100mm, 
1000x1000x100mm, 800x800x100mm and slabs I to IX based on the BEM and IPT 
are investigated. The analyses were only performed for loading numbers 
one, two and three as shown before in Figures 5.1, 5.2 and 5.3 
respectively. Only the strains in the VW gauges which were along the 
vertical, horizontal and 45 degree directions have been numerically 
idealised. This was convenient for later comparison with the 
experimental work. In addition, the strains in the 64mm VW gauges 
positioned at 120mm from the centre of the 150mm holes along 22.5 degree 
directions in slabs I to III and VII to IX were also predicted by the 
numerical models. 
5.3.1 Boundary element models 
There are two boundaries for each slab, one is the boundary of the hole, 
the other is boundary of the square. The boundary of the hole was again 
divided into 24 elements each covering a 15 degree arc. The boundary of 
the square was divided into 52 elements, with smaller elements close to 
the corners to increase the accuracy. The analyses were performed for a 
Young's modulus of 35kN/mm2 and Poisson's ratios of 0.15 and 0.20. The 
corresponding strains at the VW gauge positions around the, 150mm and 75mm 
holes were calculated from the displacements of the central positions of 
the VW blocks. The results are summarised in Tables 5.5 and 5.6 for 
Poisson's ratios of 0.15 and 0.20 respectively. Close inspection of 
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Tables 5.5 and 5.6 indicates that: 
a) Changing the Poisson's ratio has a small effect on the VW strains in 
loading number 2, released strains, though this effect is more on the 
transverse VW gauges of loading number 1, loading the slab with a hole. 
b) Reduction in size of the slabs causes a reduction of the released VW 
stra ins, loading number 2, poss ib ly due to the fact that a sma ller area 
is affected by the release in smaller slabs compared to the larger slabs. 
The reverse happens for loading number 1. 
, Table 5.5 Strains in VW gauges using BEM, Poisson's ratio of 0.15 
========================================================================= 
Slab 
(mm) 
Hole 
(mm) 
Loading 
No. 
£1 £t £45 £22.5 £67.5 
(microstrain) (microstrain) 
-------------------------------------------------------------------------
140mm VW gauges 
1200 150 1 -18.07 -0.31 -9.13 
2 10.50 -4.60 3.01 
3 -13.6 3.1 -0.4 
64mm VW gauges 
1000 150 1 -18.31 -0.22 -9.17 -13.41 -3.44 
2 10.26 -4.51 2.97 10.35 -2.91 
3 -13.4 3.0 -0.4 -17.1 3.5 
800 150 1 -18.77 -0.05 -9.24 
2 9.80 -4.34 2.90 
3 -13.0 2.8 -0.3 
64mm VW gauges 
1000 75 1 -19.01 -0.40 -9.51 
2 9.56 -4.69 2.63 
3 -23.1 6.2 -1.2 
800 75 1 -19.13 0.10 -9.53 
2 9.44 -4.19 2.61 
3 -22.9 6.1 -1.2 
========================================================================= 
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c} The response to the jacking load, loading number 3, increases by 3-5% 
as the slabs size increases. This is possibly because there is more 
material in larger slabs to resist the load from the jack, hence 
increasing the strains in the VW gauges. 
d} The 64mm VW gauges around the 75mm holes are likely to record released 
strains, in loading number 2, comparable to those of 140mm VW gauges 
around 150mm holes. This is possibly because similar ratios of the gauge 
length to hole diameter and gauge length to gauge position are 
maintained. 
, Table 5.6 Strains in VW gauges using BEM, Poisson's ratio of 0.20 
========================================================================= 
Slab 
(mm) 
Hole 
(mm) 
Loading 
No. 
£1 €t £45 
€22.5 €67.5 
(microstrain) (microstrain) 
-------------------------------------------------------------------------
140mm VW gauges 
1200 150 1 -18.24 1.40 -8.36 
2 10.33 -4.31 3.07 
3 -13.9 2.9 -0.5 
64mm VW gauges 
1000 150 1 -18.49 1.51 -8.39 -13.27 -1.93 
2 10.08 -4.20 3.04 , 10.28 
-2.62 
3 -13.7 2.8 -0.5 -17.5 3.3 
800 150 1 -18.95 1.69 -8.45 
2 9.62 -4.02 2.98 
3 -13.3 2.6 -0.5 
64mm VW gauges 
1000 75 1 -19.18 1.61 -8.77 
2 9.39 -4.10 2.66 
3 -23.6 5.9 -1.4 
800 75 1 -19.30 1.67 -8.79 
2 9.27 -4.04 2.64 
3 -23.4 5.8 -1.4 
========================================================================= 
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5.3.2 Infinite plate model 
The infinite plate models under plane stress conditions based on the 
equations derived by Mushkhelishvili(59) given in Appendix-I, were used 
to calculate the corresponding strains at the positions of the VW gauges. 
In thi~ analysis a Young's modulus of 35kN/mm2 and Poisson's ratios of 
0.15 and 0.20 were used as the material properties. The analyses were 
performed for the VW gauges around 150mm and 75mm holes. The results are 
summarised in Table 5.7. Because of the limitation of the method only 
loading numbers one and two were considered. 
Table 5.7 Strains in VW gauges using IPT, for square slabs 
========================================================================= 
Poisson's Hole 
rat i 0 (mm) 
Loading 
No. 
€l €t £45 
(microstrain) 
£22.5 €67.5 
(microstrain) 
-------------------------------------------------------------------------
140mm VW gauges 64mm VW gauges 
0.15 150 1 -16.82 -1.26 -9.04 -12.46 -4.13 
2 11.75 -5.55 3.10 11.30 -3.60 
0.20 150 1 -16.78 0.39 -8.19 ,-12.17 
-2.65 
2 11.79 -5.32 3.24 11.38 
-3.34 
64mm VW gauges 
0.15 75 1 -18.08 -0.84 -9.46 
2 10.49 -5.13 2.68 
0.20 75 1 -18.03 0.}6 -8.63 
2 10.54 -4.95 2.80 
========================================================================= 
This method provided an independent check on the results of the boundary 
element method. The differences are relatively small and are probably 
caused by the finite size of the models. 
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5.3.3 Comparison with experimental work 
The experimental results from all the square slabs were scaled to 
correspond to a Young's modulus of 35kN/mm2. The Young's modulus of each 
slab was assumed to be that obtained from the grid of Demec gauges at the 
midsection of the slabs. In addition, the experimental results were 
modified for the applied load. For the lOOOmm slabs, the result used for 
comparison was the average for all the lOOOmm slabs, ie the first lOOOmm 
slab, and slabs I to III and slabs VII to IX. It was possible to 
calculate an estimate of the error by dividing the variance by the square 
root of the number of samples involved for each particular strain 
reading. The results of the jacking tests were also adjusted to allow for 
the thickness of each slab. This was done by multiplying the VW strains 
by the ratio of the measured thickness to lOOmm which was used for the 
analysis. The results of the above process are summarised in Table 5.B. 
The following points can be seen by comparing the values of Table 5.B 
with those of Tables 5.5 to 5.7. 
a) Loading number one, slab loading: 
i) In the case of the 150mm holes, the measured values are similar 
to those of the BEM, apart from the experimental results from the 
BOOmm slab. 
ii) In the case of the 75mm holes, the measured values are similar 
to those of the BEM, apart from the lOOOmm slabs. 
b) Loading number two, released strains: 
i) In the case of the 150mm holes, the IPT produced closer values to 
those obtained from the experimental work. 
ii) In the case of the 75mm holes, both the BEM and the IPT produced 
good comparisons with the experimental results from the BOOmm slab. 
Page 149 
CHAPTER FIVE: NUMERICAL ANALYSIS FOR RECTANGULAR SLABS 
Table 5.B Strains in VW gauges from experiments, modified for E=35kN/mm2 
========================================================================= 
Slab Hole Loading £1 €t £45 £22.5 £67.5 
(mm) (mm) No. (microstrain) (microstrain) 
-------------------------------------------------------------------------
1200 .150 
1000 150 
BOO 150 
1000 75 
BOO 75 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
140mm VW gauges 
-lB.3 -1.9 -10.7 
12.9 -5.5 3.7 
-14.7 3.3 
64mm VW gauges 
-19.0±0.9 -1.5±0.1 -10.B±0.3 -13.2±0.4 -4.2±0.2 
12.4±0.7 -6.7±0.3 
-13.9±0.7 2.9±0.1 
3.0±0.2 11.9±0.5 -4.B±0.2 
-15.9 
12.7 
-13.6 
-1.2 
-3.B 
2.0 
-12.0 
4.2 
64mm VW gauges 
-21.9±0.5 -0.7±0.S -9.7±0.5 
12.3±1.4 -7.1±0.6 
-31.5±3.4 4.9±0.4 
-20.1 
9.9 
-34.3 
-loB 
-4.2 
6.0 
2.5±0.3 
-9.9 
2'.7 
-17.2±O.4 3.4±O.1 
========================================================================= 
c) Loading number three, jacking load: 
i) In the case of the 150mm holes, the measured values are quite 
similar to those of the BEM. The measured values also indicate a 
2-B% increase in the VW strains as the slab size increases. This 
point is also noticeable jn the numerical models. 
ii) In the case of the 75mm holes, the measured values are 40% 
greater than the values predicted by the numerical models in the 
longitudinal direction, but the experimental values are consistent. 
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It is concluded that: the released strains can be satisfactorily 
predicted by the IPT, while the VW strains generated by a jacking test 
in a 150mm hole can be predicted by the BEM. As a whole, the 150mm holes 
are more appropriate than the 75mm holes from both the release and the 
jacking point of view. Therefore in the next section, numerical parameter 
studies are based on the BEM for jacking inside 150mm holes and the 
release. of strains is based on IPT. 
5.4 Parametric studies 
The objectives of this section are to investigate the variation of strain 
readings in vibrating wire gauges if they were mounted at different 
positions around the 150mm and 75mm holes. In section 5.3.3 it was 
concluded that the infinite plate theory is suitable to predict the 
strain release pattern recorded by VW gauges and the boundary element 
method is suitable to idea1ise the response of the VW strain gauges to 
the jacking load. The results of the numerical parameter studies were 
then compared with the experimental results available. 
5.4.1 Boundary element model 
Only the jacking test in 150mm holes was idealised using the BEM. The 
numerical model simulated a jacking test in an infinite plate. A Young's 
modulus of 35kN/mm2 and a Poisson's ratio of 0.15 were assumed as the 
material properties of the concrete. In addition, it was assumed that 
concrete is homogeneous, isotropic and behaves in a linear elastic 
manner. The boundary of th~ hole was divided into 24 elements each 
covering a 15 degree arc. The VW gauge strains created by a concentrated 
jacking load of 10kN on a 100mm thick infinite slab were.simulated at 25 
positions starting at 110mm from the centre of the hole in 10mm 
increments. The VW strains at longitudinal and transverse directions to 
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the jacking load are shown in Figures 5.6 and 5.7 for 140mm and 64mm VW 
gauges respectively. The experimental results are then modified for 
Young1s modulus and adjusted for the thickness of each slab. The modified 
values are shown as small circles in the appropriate Figures. Close 
inspection of Figures 5.6 and 5.7 indicate that: 
a) The,slope of the curves representing the longitudinal VW strain gauges 
are steeper than the curves for the transverse gauges. This indicates 
that the position of the gauges, the longitudinal one in particular, is 
crucial in the assessment of the stresses and the material properties. 
b) The experimental strains in the longitudinal gauges for both the 140mm 
and 64mm VW gauges are closer to their predicted values than the 
transverse gauges. 
c) The boundary element method seems to satisfactorily predict the 
response of the VW gauges to the jacking test. 
c 
tj 
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III 
o 
... 
u 
Tr an sverse 
5 ~/ () e-~~____________________ ~ __ __ 
e 
O~~~~~--~~~~~~--~~~~~~~--~~~-
100 120 140 160 180 200 220 240 260 280 300 320 340 
VW position from hole centre (mm-.:..)_-----
:r: - 5 
HoI e Dia. = 150 mm. 
-10 
Long i tudinal 140 mm VW gauge 
G expe ri ment 
, - 14.1 
-15 () 
Figure 5.6 
Strains in 140mm VW gauges under jacking load using BEM 
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longi tudin a I 
Hole Dia. :·150 mm. 
64 mm. VW gauge 
<:> experiment 
Figure 5.7 
Strains in 64mm VW gauges under jacking load using BEM 
5.4.2 Infinite plate model 
The strain release patterns predicted at both 64mm and 140mm VW gauge 
positions around 150mm holes were idealised using' the IPT. The same 
method was also employed to idealise the release pattern in 64mm VW 
gauges around 75mm holes. A Young's modulus of 35kN/mm2 and a Poisson's 
ratio of 0.15 were assumed as the material properties of the concrete. In 
addition, it was assumed that concrete is homogeneous, isotropic and 
behaves in a linear elastic manner. In the case of 75mm holes, the 
released strains in 64mm VW gauges were simulated at 50 positions 
starting at 60mm from the centre of the hole in increments of 5mm, Figure 
5.8. The released strains .in 140mm VW gauges around 150mm holes were 
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Figure 5.8 
Released strains in 64mm VW gauges around 75mm holes using IPT 
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Figure 5.9 
Released strains in 140mm VW gauges around 150mm holes using IPT 
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simulated at 50 positions starting at 110mm from the centre of the hole 
in increments of 5mm, Figure 5.9. The released strains in 64mm VW gauges 
around 150mm holes were simulated at 22.5 and 67.5 degrees and from them 
the maximum and minimum principal strains were calculated, Figure 5.10. 
The released strains were simulated for a compressive stress field of 
1N/mm2 in the longitudinal direction. The experimental results were 
then modified for Young's modulus and applied stress. The modified values 
are shown as small circles in the appropriate Figures. 
16 
11. Hot e Dia.: 150 mm. 
12 64 mm VW gau ge 
10 E> experiment 
8 
6 
22.5 
4 
c 
c:I 
<-
..... 2 ..., 
0 
<- position f rom hole centr e (mml u VW 
L 0 
100 120 140 160 180 200 220 240 260 280 300, 320 
-2 
-4 
-6 Min. principal 
-8 
Figure 5.10 
Released strains in 64mm VW gauges around 150mm holes using IPT 
Close inspection of Figures 5.8, 5.9 and 5.10 indicate that: 
a) The slope of the curves representing the longitudinal VW gauges are 
higher than the rest of the VW gauges. 
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b) As the released strains are simulated for the same stress field around 
the 75mm and 150mm holes and Figures 5.8 to 5.10 are plotted using the 
same scale factor, direct comparison of these graphs is possible. It 
appears that the slope of the curve representing strain in the 
longitudinal 64mm VW gauges around a 75mm hole is higher than the slope 
for the VW gauges around the 150mm holes. Therefore the position of the 
VW gauges around the 75mm holes, in the proper interpretation of the 
stresses, is more critical. 
c) The experimental results are relatively close to the predicted values. 
Therefore the infinite plate theory can be used to calculate the strains 
in the released structure or to assess the stresses from the measured 
release strains around a circular hole if the Young's modulus of the 
concrete is known. This parameter can be obtained directly from the 
jacking test. 
5.5 Conclusions 
The results of the numerical method based on the Finite Element Method 
(FEM), the Infinite Plate Theory (IPT) and the Boundary Element Method 
(BEM) were compared with the experimental work and the following points 
were concluded. 
a) The BEM can be a reasonable substitute for the FEM in this sort of 
application and provides a versatile means of predicting the behaviour of 
the VW strain gauges around circular holes. In addition the BEM can 
predict the response of the VW strains to the jacking load in an infinite 
plate by just defining the boundaries of the hole. 
b) The experimental resu lts" of the jack ing test in 150mm holes were 
predicted satisfactorily by the use of the BEM. 
c) The IPT provided a quick and reliable means of predicting the released 
strains in the VW gauges around circular holes. 
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d) The experimental released strains in VW gauges were comparable with 
those of the IPT, hence this method in conjunction with the Young's 
moduli obtained from the jacking test can be used to assess the stresses 
in a concrete structure. 
e) The effect of Poisson's ratio on the released strains represented 
only a'small proportion. This was shown using the numerical models based 
on the IPT, Tables 5.2 and 5.7. 
f) The effect of Poisson's ratio on the response of the VW gauges to the 
jacking load was also small. This was shown using the numerical models 
based on the BEM, Tables 5.3, 5.5 and 5.6. 
It is not yet possible to specify an optimum position for the VW gauges 
that provides a balance between edge effect, microcracking and the strain 
magnitudes. The effect of actual load distribution of the jack in the 
hole on the response of the gauges is also reduced as the gauges are 
moved away from the hole, due to the Saint-Venant principle. It is 
important to bear in mind that extensive tests are required to find the 
optimum position of the VW gauges but due to effects such as creep 
recovery, reversible drying shrinkage, microcracking, water absorption 
and temperature the accuracy in the assessment of the stresses may not 
change at all. 
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6.1 Introduction 
In this Chapter, new techniques for assessing the stresses in concrete 
structures and their corresponding material properties by applying loads 
to concrete blocks or cores taken out of a structure are explained. 
Normally, cores taken from structures are loaded along the length of the 
core to assess the elastic modulus of the concrete. This requires that 
the length to diameter ratio of the core be about two, which may not be 
the case in all situations. In addition, the elastic modulus obtained in 
this way is in a perpendicular direction to the stress release. 
In order to apply load to the cores in the release direction, they were 
converted into octagons by casting concrete around them. In this way, not 
only was it possible to apply load in the same direction as the stress 
release but also the straight edges of the octagon made the load 
application more practical. This method may be compared to that of the 
borehole simulators, section 2.3.3. The difference is in the way that 
load is applied. Using the octagons just requires an octagonal mold. In 
addition, by using the principle of superposition, it is possible to 
apply load in one direction at a time and then combine the results. This 
idea was first used on a stitch drilled block of about 600mm diameter and 
was then extended to 150mm cores. 
6.2 Concrete block from A3/A31 bridge at Gu1ldford 
In order to provide additional access for inspection purposes, a manhole 
was stitch drilled into the 220mm bottom slab of the box-girder 
prestressed concrete bridge at the junction between the A3/A31 at 
Guildford. In Figure 6.1 a view of the bridge is shown. In Figure 6.2 the 
resulting concrete block is shown after it was converted into an octagon 
for testing purposes. 
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Figure 6.1 
A3/A31 bridge at Guildford 
I 
" 
Figure 6.2 
, .;. 
'~ ,\\ " 
... .J..' 
Con cret e blo ck converted into octagon 
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The removal of the block from the deck was originally monitored by TRRL 
and a series of strain release measurements carried out, as stitch 
drilling proceeded. The strain readings were recorded by three vibrating 
wire gauges arranged in the rosette pattern shown in Figure 6.1. Table 
6.1 gives the released strains(65). 
VW gauges 
L = longi tudinal 
T = transvers e 
45 = 45 degree 
T 
• 
Figure 6.3 
Stitch drilled block 
I 
Table 6.1 Released strains on the stitch drilled block 
======================================================================= 
Measured strains 
on VW gauges 
Principal strains 
(microstrain) 
Direction of principal 
strains 
-----------------------------------------------------------------------
L T 45 1 2 
-----------------------------------------------------------------------
-414 91 -149 -414 91 1.5 91.5 
======================================================================= 
Assuming a Young1s modulus of~34kN/mm2 and a Poisson1s ratio between 0.2 
and 0.25, the following stresses were predicted. 
longitudinal 14.0 to 14.05 N/mm2 
transverse -0.30 to 0.45 N/mm2 
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Later on, the block was handed over to the Department of Civil 
Engineering, University of Surrey, in order to check the material 
properties of the concrete block, ie Young's modulus and Poisson's ratio. 
6.2.1 load application 
In order to apply a compressive load to the concrete block, it was turned 
into an octagonal shape by casting concrete around it, Figure 6.4. 
Basically it was intended to apply load from three different directions 
and restore the original readings of the gauges on the block. These loads 
could then be used to assess the stresses in the bridge at the position 
of the manhole before the cutting operation. It should be mentioned, 
because there are three independent unknowns, loading should be applied 
at least from three different directions to re-establish the original 
readings of the gauges. This approach, although ideal was expensive and 
due to the lack of facilities rather difficult to apply. 
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Figure 6.4 
Stitch drilled block converted into octagon 
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For a concrete of such quality and for a stress range of 14N/mm2, it can 
be assumed that concrete behaves in a linear elastic manner. Therefore, 
using the superposition theorem, the need for loading along three 
different directions at the same time is removed. 
Considering that the stress/strain distribution across the block in the 
bridge, was almost uniform and the block was completely stress relieved, 
the strains obtained were independent of the position of the gauges on 
the block and the gauge type, but dependent on the orientation. In the 
case of loading the octagon, not only the position and orientation of 
gauges are important but also because of a non-uniform stress/strain 
distribution, the type of gauge would influence the readings. In order to 
r'educe these problems a symmetrical pattern of Demec gauges, Figure 6.5, 
was used for strain measurements. Demec gauges provide the average strain 
between two points, but vibrating wire gauges give the average strain 
over the area between their blocks. As the numerical model based on the 
finite element method provided the displacements of the specified points 
and hence the average strain between two points, Demec gauges were 
employed. The symmetrical pattern was used to provide the possibility of 
combining the strain readings for loading along different directions. 
45· L 45" 
T T 
4y 45· 
L 
200 mm Demec gauges 
Figure 6.5 
Octagon and Demec gauges 
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It was possible to load the octagon at least four times along the four 
different directions. Loads in steps of 100kN up to 500kN were applied 
and the least-squares method was used to obtain the slopes of the load-
strain lines. Correlation coefficients of 0.99 for the longitudinal 
direction, and 0.94 for transverse and 45 degree directions were 
obtained. Using weighted averaging(66), which considers percentage of 
errors, the results of the four directions were combined to give strains 
for 10kN of load along longitudinal, transverse and 45 degree directions. 
The results are as follows. 
Table 6.2 Strains by loading the octagon 
======================================================== 
Longitudinal 
strain 
-4.12 
Transverse 
strain 
1.64 
45 degree 
strain 
-0.78 
======================================================== 
Strains in microstrain for 10kN of load 
The following system of simultaneous equations can be solved to calculate 
the required forces applied at the same time to re-establish the 
original strains in the gauges. 
[ 
4.12 
-1.64 
10 0.78 
1 -1.64 
4.12 
0.78 
0.78] [ F 1 1 [-414] 0.78 Ft = 91 
4.12 F45 -149 
•••• (6-1) 
Derivation of the above system of simultaneous equations is illustrated 
in Figure 6.6. In this Figure strain gauges are identified by encircled 
numbers. The above equation can be written as: 
Where [S] is the matrix of strains for unit load, E the vector of unknown 
forces and ir the vector of the released strains. Solution of the above 
equation leads to: 
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[ 
F 1 ] [-1048.5] E= Ft = -171.8 
F45 -130.6 
(load in kN) 
Fl 
For 10kN in ~s· 
El = 4.12 Er =-1.64 
£45= 0.78 
To tal strain 
(D=(4.12Fl-1.64Ft +O. 78F45}/10 
(p:1-164 Fl +4.12 Ft +0.78F4S}/10 
0>=(0.78 Fl +0.78 Ft +4.12 F4S)/ 10 
Figure 6.6 
Derivation of [S] matrix for octagon 
6.2.2 Assessment of stresses 
;fS'l 4~ 1 45' l 5' 
The next step was to relate the forces to the original stresses in the 
concrete. A numerical model based on eight noded isoparametric plane 
stress elements was built. The mesh configuration is shown in Figure 6.7 
for a quarter of the octagon. The mesh was such that there were nodes at 
the positions corresponding to Demec pips. The analysis was carried out 
for a Young's modulus of 3SkN/mm2 and Poisson's ratios of 0.15,0.20 and 
0.25. In order to transform the forces, E, required to re-establish 
original strains to stresses, ~, of the concrete, an equation of the 
following form was required. 
,Q=[A] ,f 
Where matrix [A] is of order three and was calculated numerically on 
the basis of the numerical model and theory of elasticity. Matrix [A] is 
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1.0 N/mm2 
Figure 6.7 
Finite element mesh for octagon 
independent of Young's modulus but dependent on Poisson's ratio. The 
easiest way of calculating the [A] matrix was to calculate its inverse. 
F=[A]-l 6 
- -
or F=[W] 6' 
- -
•••• (6-2) 
The method of calculating the [A] matrix is demonstrated for a Poisson's 
ratio of 0.15. At first, using the results of the finite element analysis 
and the approach illustrated in Figure 6.6, the [S] matrix is calculated 
from the displacements of the nodes coinciding with the position of Demec 
pips and is given below. 
1 [ 3.866 
[S]0.15= ----- -1.438 
10 0.994 
-,1.438 0 •. 994] 
'3.866 0.994 
0.994 3.866 
If a release takes place for this medium under a stress field given by 
§a=[ :; J=[ ~ J 
'T:xy O. 
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Then the corresponding released strains in the rosette can be obtained 
using equation (11-6) of Appendix-II, with a Young's modulus of 35kN/mm2 
and a Poisson's ratio of 0.15. 
Then the required set of forces to re-establish ~a would be obtained from 
Solving the above set of simultaneous equations results in 
[ 
78.03] 
La= 16.09 
7.20 
(load in kN) 
Substituting fa and §a in equation (6-2) , gives 
This means thatEa is the first column of [W]. By repeating this approach 
for Qb and ~c given below 
and 
the whole of matrix [W] can be obtained. The [A] matrix is the inverse of 
[W], which for a Poisson's ratio of 0.15 is given below. 
1 [0.1307 -0.0307 
[A]0.15= ----- -0.0307 0.1307 
10 -0.0067 -0.0067 
0.0409 ] 
0.0409 
0.0874 
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For Poisson1s ratios 0.2 and 0.25, the [AJ matrices are as follows. 
and 
1 
[ 
0.1310 -0.0301 0.0404 1 
-0.0301 0.1310 0.0404 
10 -0.0067 -0.0067 0.0872 
1 [0.1313 -0.0294 
[AJO•25= ----- -0.0294 0.1313 
10 -0.0066 -0.0066 
0.0399 1 
0.0399 
0.0870 
Now that [AJ matrices for different Poisson1s ratios are obtained, the 
corresponding stresses can be deduced. The results are given in Table 
6.3. 
Table 6.3 Stresses in concrete block by Direct Method 
======================================================== 
stress 0.15 
-13.71 
0.44 
-0.32 
Poisson1s ratio 
0.20 
-13.75 
0.38 
-0.32 
0.25 
-13.78 
0.31 
-0.33 
======================================================== 
Stresses in N/mm2 
From the [AJ matrices it was clear that the results should be very 
similar. This also indicat~s that the method is not sensitive to the 
value of Poisson1s ratio in this particular case. 
Page 167 
CHAPTER SIX: LABORATORY TESTS ON OCTAGONAL SPECIMENS 
6.2.3 Assessment of material properties 
The relationship between the strain, loading, geometry and material 
properties can be written as: 
where P is loading, ~ is Poisson's ratio and E is Young's modulus. 
Function G is dependent upon the location of strain and geometry of the 
structure. For strains £1 and £t' shown in Figure 6.5, the following 
equations can be written. 
£ 1 =f ( ~ ). PIE 
€t=g(~) .P/E 
As the loading is the same, it is a multiplier which can be considered as 
unity. Thus the above equations can be written as: 
. £ l=f (~)/E 
€t=g(~)/E 
The results of the finite element analysis indicated that f(~) and g(~) 
are linear functions of p. The ratio of transverse to longitudinal 
strains is independent of E. This ratio can be represented by a function 
as: 
.••• (6-3) 
Using the strains obtained from the loading test on the octagonal, 
Table 6.2, the ratio of transverse to longitudinal strains was obtained. 
By substituting that value in equation (6-3) a Poisson's ratio of 0.18 
was obtained. Substituting for ~ in either equations for £1 or £t, a 
Young's modulus of 33.1kN/mm2~was obtained. 
In order to check the above values, a grid of 100mm Demec pips at 50mm 
intervals as shown in Figure 6.8 was mounted on both faces of the 
octagon. 
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~s" f)Y:L 45" 50 '50 50 I "" -I- ,- • . . . . . . T T ~~'~'-~7 · ·c" '-'-- A 
45/ 
Figure 6.8 
Grid of 100mm Demec gauges about axis A-A 
Loads of 100kN, 300kN and 500kN were applied to the concrete octagon and 
longitudinal and transverse strains from the grid of Demecs were 
recorded. These results along with the values of Young's modulus and 
Poisson's ratio from the previous test were used to calculate the 
longitudinal stresses at each point. The total load on axis A-A was 
calculated by numerical integration using the trapezoidal rule and the 
following results were obtained. 
Table 6.4 Equilibrium of normal forces on a diameter of octagon 
=================================================================== 
Applied load 
Integration 
100kN 
99kN 
300kN 
302kN 
500kN 
481kN 
=================================================================== 
The above results were satisfactory and indicated that the assumptions in 
the proposed approach were reasonable. For a Poisson's ratio of 0.18 and 
a Young's modulus of 33.1kN/mm2, the stresses in the concrete block can 
be obtained using equation (II-5) of Appendix-II. The results are as 
follows. 
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01 = -13.60 N/mm2 
Ot = 0.56 N/mm2 
~ = 0.35 N/mm2 
which are very close to the values obtained previously. 
6.2.4 Core test 
In order to check the Young's modulus, 75mm cores were taken from the 
octagon. These cores were drilled parallel and perpendicular to the 
surface of the concrete block. In Figure 6.9 the arrangement used to take 
a core parallel to the surface is shown. This core had to be long enough 
to reach the main body of the concrete to be representative of the 
concrete block from the bridge. Unfortunately only one of the cores from 
the plane of the concrete was long enough to be cut and used for the 
Young's modulus test. In addition, two cores were taken perpendicular to 
the surface. The cores were then cut and their ends were prepared for the 
test. In Figure 6.10 the arrangement for the Young's modulus test is 
shown. The cylindrical cores were instrumented with 100mm Demec gauges at 
90 degree intervals. Loads corresponding to 0.5 up to 15.0N/mm2 were 
applied to each cylinder. This was repeated three times and, from the 
difference in the strain gauge readings and the applied loads, the 
Young's moduli were calculated. Table 6.5 summarises the results. 
Table 6.5 Young's moduli from the cylinders 
============================================ 
Direction of core 
with respect to surface 
Parallel 
Perpendicular 
Perpendicular 
Young's modulus 
(kN/mm2) 
36.1 
33.6 
35.0 
============================================ 
Page 170 
CHAPTER SIX: LABORATORY TESTS ON OCTAGONAL SPECIMENS 
Figure 6.9 
Arrangement for coring the octagon 
Figure 6.10 
Arrangement for Young's modulus test on cylinders 
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The Young's moduli obtained in this way were comparable with those 
obtained using the octagon. The cylinders were then crushed according to 
British Standard 1881, part 120(67}. The in situ cube strength of 
the concrete, using the formula in article 7.2.1 of the above British 
Standard, was estimated to be between 53.5 to 56.5N/mm2• 
6.3 Concrete cores 
The success in the assessment of the stresses and the material properties 
of the block of concrete taken from the A3/A31 flyover at Guildford 
prompted the idea of extending the method to 150mm cores. This kind of 
approach has the following advantages. 
a} The stresses in the concrete at the position of the core before 
drilling can be assessed without a knowledge of the material properties 
of the concrete. 
b} An estimate of material properties of concrete, Young's modulus and 
Poisson's ratio, in the release direction can be obtained. 
c) The results of "a" and "b" will provide cross-chec~ing values for the 
results obtained using the 150mm jacking test on the VW gauges around the 
hole. 
d) In the situations where the use of VW gauges is not possible due to 
limitations in space, using octagons may become the only direct method 
for the assessment of the stresses and the material properties. 
e) Compared to using cylinders which can only provide an estimate of 
Young's modulus, using octagons can also provide an estimate of Poisson's 
ratio. 
Initially a mould was made out of wood for an octagon with 100mm 
thickness and an 80mm length along each side, Figure 6.11. Later a mould 
of the same size was made out of steel, Figure 6.12. Concrete with a 
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~ ..•. 
Figure 6.11 
Oct agonal wooden mould for 150mm cores 
Figure 6 . 12 
Octagonal st ee l mould for 15 0mm cores 
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maximum aggregate size of 10mm was used to convert the concrete cores 
into the octagons. This concrete was reinforced by using chicken wire 
mesh. In order to improve the bond between the core and the concrete 
around it, the sides of the cores were cut with grooves using a diamond 
disc. The 150mm cores taken from the 1000mm slabs I,ll and III, discussed 
in Chapter four, were then turned into octagons. In addition~a core from 
the web of the Dow-Mac beams(6) was cast into an octagon, to estimate the 
material properties of the beams. 
6.3.1 Load application 
After the cores were turned into octagons, time was allowed for the 
concrete around the core to reach its 28 day strength. Each octagon was 
kept in water during the curing period and was then left to dry for at 
least a week before testing. The position of the 100mm Demec gauges on 
both faces of each octagon were then checked and if necessary modified to 
be symmetrical with respect to the axes of the octagon. Then the octagons 
were put in a universal loading machine, Figure 6.13, and loads in steps 
of 20kN up to 100kN were applied. At each step the gauges were read. The 
least-squares method was then used to calculate the strains in the 
longitudinal, transverse and 45 degree directions forlOkN of load. The 
average correlation coefficient of the above lines were 0.996 for 
longitudinal, 0.976 for transverse and 0.945 for 45 degree directions. 
The effect of eccentricities in the applied load was reduced by averaging 
the corresponding values on both faces. Each octagon was loaded four 
times along the four possible directions and the results were then 
combined to provide an overall average for each octagon. The results are 
summarised in Table 6.6. 
Core positions in slabs I,ll and III were instrumented with 100mm gauges 
at 22.5 degree intervals.-Therefore each core had 8 gauges and the 
Lightfoot(43) approach for calculating the principal strains and 
directions had to be modified. In this section the equations for 
calculating the principal strains using 8 gauges at 22.5 degree intervals 
are given. 
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Figure 6.13 
Arrangement for the test on small octagons 
Table 6.6 Strains from loading the small octagons 
====== == === == ===== === === ==== === == ================ ===== ===== 
Octagon 
--- - --- - - - - ----- - - - - ------- ------ - -- - ------ - ---- - - ---- -- -- -
Slab -31.9±O.9 10.S±O.3 -6.6±O.S 
Slab II -30.1±O.9 10.0±O.S -6 .2±O.3 
Slab III -28.9±1.2 8.S±O.7 -S .8±O.3 
Dow-Mac -2S.l±O.S 7.1±O.6 -S.S±O.4 
================= ========== ======= =========== ============== 
Strains in microstrain for 10kN of load 
In order to s implify the analysis, it was assumed that the principal 
strains were acting along the longitudinal and transverse directions 
only. Therefore by using the ~l and €t values from Table 6.6 , [S] 
matri ces were built. The [S] matrix for the octagon of slab I is given 
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below. 
1 [-31.9 10.SJ 
[S]= ----
10 10.S -31.9 
If the principal released strains were known then the forces in the 
principal directions required to re-establish the original reading in the 
Oemec gauges along the principal directions could be obtained from the 
following equation. 
• ••• (6-4) 
Where Ip is the vector of the re-establishing forces along the principal 
directions and ~rp is the vector of the principal released strains. 
Monitoring of the released strains on the cores of slabs I,ll and III was 
started after the coring operation finished and continued for up to 48 
hours. The equations that calculate the principal strains and the 
direction of the maximum principal strain from eight gauges mounted at 
22.S degree intervals can be obtained by using the general equations 
given by Lightfoot(43). These equations are simplified and are as 
follows. 
£1= P + 0 
£2= P - 0 
~ = [A + (B-0)/(2)0.S]I(40) 
Where: 
P = Summation of (Ri/8) for i=l to 8 
o = 0.2S[A2+B2+C2+02+(2)0.S(AB-AO+CB+CO)]0.S 
~ = Direction of the maximum principal strain from gauge 1 
A = R1 - RS 
B = R2 - R6 
C = R3 - R7 
o = R4 - R8 
Ri= Gauge reading for gauge Hi" 
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Using the above equations and equation (6-4), the re-establishing forces 
along principal dfrections were calculated. The principal strains, 
maximum principal strain direction and the re-establishing forces for the 
octagons of slabs I,ll and III are given in Table 6.7. 
Table 6.7 Re-establishing forces in the octagon of slabs I-III 
============================================================== 
Slab Time after £1 £2 
No. coring (h) (microstrain) 
Angle 
(degree) 
--------------------------------------------------------------
I 0 94.0 -55.8 2.8 -26.7 8.7 
2.5 99.6 -51.3 4.0 -29.2 6.5 
4 107.5 -32.1 4.0 -34.3 -1.3 
21 144.1 5.8 3.3 -51. 7 -19.0 
48 146.7 2.3 3.1 -52.2 -18.0 
--------------------------------------------------------------
II 0 68.7 -58.6 7.7 -18.4 13.4 
1 89.9 -57.7 10.7 -26.4 10.4 
3 109.2 -27.7 9.6 -37.3 -3.1 
6 134.5 -6.7 8.3 -49.3 -14.1 
22.5 154.0 20.1 6.5 -59.8 -26.4 
--------------------------------------------------------------
III 0 86.8 -44.5 8.0 -27.9' 7.2 
1.5 95.5 -42.2 7.5 -31.5 5.3 
3 113.8 -21.2 7.2 -40.8 -4.7 
4.5 131.8 -3.0 6.4 -49.6 -13.6 
22 162.5 20.6 3.8 -63.9 -26.0 
46 186.6 37.8 6.1 -75.0 -35.2 
============================================================== 
6.3.2 Assessment of stresses " 
The next step was to relate the re-establishing forces to the stresses in 
the slabs before coring. A finite element model based on eight noded 
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isoparametric plane stress elements was built. The mesh configuration is 
exactly the same as Figure 6.7, but adjusted to the size of the small 
octagon. The analysis was carried out for a Young's modulus of 35kN/mm2 
and Poisson's ratios of 0.15, 0.20 and 0.25. The 100mm Demec gauge 
strains were simulated using the displacement of the nodes at the 
position of the Demec pips. The simulated values for a particular gauge 
position was almost a perfect linear function of Poisson's ratio between 
0.15 and 0.25. The longitudinal, transverse and 45 degree direction 
strains in an octagon with 100mm thickness and 80mm length along each 
side under 1kN load in the longitudinal direction, can be obtained using 
the following equations derived from the results of the numerical 
analysis. 
£1 = 35(-21.25 -4.9p)/(8E) 
£t = 35( 4.49 +17.1p)/(8E) 
£45= 35(-5.88 + 8.1p)/(8E) 
] ••• (6-5J 
The stresses in the principal directions can be related to the re-
establishing forces by an equation of the following form. 
§p=[AJ lp • .•• (6-6) 
The method for the derivation of the [AJ matrix has already been 
explained in section 6.2.2. The only difference is that here the [AJ 
matrix is 2x2 instead 3x3. It was also noticed that the effect of the 
Poisson's ratio on the [AJ matrix and consequently on the stresses is 
relatively small. Therefore, here the [AJ matrix is obtained only for 
a Poisson's ratio of 0.15 and the stresses are all calculated on that 
basis. The [AJ matrix for a Poisson's ratio of 0.15 is as follows. 
1 [0.749 -0.134] 
[AJO 15 = ---
• 8 
-0.134 0.749 
Using equation (6-6) and the re-establishing forces along the principal 
directions given in Table 6.7, the principal stresses in slabs I,ll and 
III have been calculated and given in Table 6.8. The stresses obtained in 
this way all indicate that initially with time some sort of 
Page 178 
CHAPTER SIX: LABORATORY TESTS ON OCTAGONAL SPECIMENS 
redistribution of stresses is happening. This pattern was also noticed in 
Table 4.26, where stresses were based on the jacking test in slabs I,ll 
and III. The magnitude of 61 based on loading the octagons are comparable 
to those due to the applied load at about 21 to 22 hours after the coring 
operation. The important point about this approach is that the material 
properties were not required for the assessment of the stresses in the 
slabs •. 
Table 6.8 Principal stresses in slabs I-III, using the octagonal cores 
========================================================================= 
Slab 
No. 
Applied stresses Time after F1 
(N/mm2) coring (h) (kN) 
-------------------------------------------------------------------------
I 61= -4.89 0 -26.7 8.7 -2.65 1.26 
62= 0.00 2.5 -29.2 6.5 -2.85 1.10 
4 -34.3 -1.3 -3.19 0.46 
21 -51. 7 -19.0 -4.52 -0.91 
48 -52.2 -18.0 -4.59 -0.81 
-------------------------------------------------------------------------
II 
°1= -4.92 0 -18.4 13.4 -1.95 1.56 
62= 0.00 1 -26.4 10.4 -2.65 1.42 
3 -37.3 -3.1 -3.44 0.33 
6 -49.3 -14.1 -4.38 -0.49 
22.5 -59.8 -26.4 -5.16 -1.47 
-------------------------------------------------------------------------
III 
°1= -4.89 0 -27.9 7.2 -2.74 1.14 
62= 0.00 1.5 -31.5 5.3 -3.04 1.03 
3 -40.8 -4.7 -3.74 0.25 
4.5 -49.6 -13.6 -4.42 -0.44 
22 -63.9 -26.0 -5.55 -1.36 
46 -75.0 -35.2 -6.43 -2.04 
-------------------------------------------------------------------------
6.3.3 Assessment of material properties 
The prinCiples for assessing the material properties from the response of 
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the gauges on the octagon have already been explained in section 6.2.3. 
The equivalent of equation (6-3) for octagons cast around 150mm cores can 
be obtained by using the relationships in equation (6-5). Poisson's ratio 
can be obtained by solving the following equation. 
• ••• (6-7) 
Then Young's modulus can be obtained by substituting the Poisson's ratio 
obtained from the above equation in the following equation. 
E = 35(-21.25-4.9~)/(8€1) .••. (6-8) 
Based on the above equations and the test values in Table 6.6, the 
material properties of the slabs and the Dow-mac beam at the position of 
the cores are calculated and summarised in Table 6.9. For comparison 
purposes, the material properties obtained from the different methods for 
the above slabs and Dow-Mac beams are also given. The Poisson's ratios 
obtained from the octagons are comparable to those of slabs I and II. The 
Young's moduli obtained from the octagons are particularly close to the 
prism results. Unfortunately there is no simple way of calibrating this 
method. Therefore it was decided to use this approach in the cases where 
no other means of assessing the material properties are available. 
Table 6.9 Material properties using octagons from the 150mm cores 
================================================================= 
Octagon Poisson's ratios Young's moduli 
from Octagon Prism Octagon Demec a Prismb 
-----------------------------------------------------------------
Slab I 0.16 
Slab II 0.16 
Slab III 0.11 
Dow-Mac 0.10 
0.18 
0.14 
0.18 
30.4 
32.0 
33.0 
38.0 
37.2 
36.5 
33.5 
34.8 
33.6 
33.5 
40.0c 
==========================:====================================== 
Young's moduli in kN/mm2 
a grid of Demec gauges at middle of slabs 1,11 and III 
b prisms tested according to BS1881, part 121 
c value obtained from reference 6, page 26 
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6.4 Conclusions 
The idea of using octagonal shapes in order to load a core or a block of 
concrete in the release direction provided another direct method for 
assessment of stresses and material properties. This kind of approach 
requires curing time for the extra concrete which makes the cores into 
octagons. 
The most important factor is that material properties are obtained in the 
release plane not along the length of the core. Also, in the assessment 
of the stresses a knowledge of the material properties is not required. 
The stresses and material properties 
from other methods were comparable, 
the proposed approach. 
obtained from the octagons and those 
suggesting the future potential of 
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7.1 Introduction 
A section of the Channel Tunnel was completed in 1975. This section 
comprised an access tunnel, an underground marshalling area near the 
Shakespeare Cliffs at Dover and 2km of service tunnel under the sea. The 
service tunnel was lined with precast concrete segments and instrumented 
with internal vibrating wire (VW) strain gauges. The majority of the 
gauges were still operational after a recent refurbishment. The access 
'tunnel was also referred to as the "adit tunnel" and the marshalling area 
was referred to as the "marshalling tunnel". These two were initially 
supported by steel arches at 1 metre centres at the time of the 
construction, and were later lined with in situ concrete to make a 
composite lining carrying the imposed loading. In the autumn of 1986, an 
investigation was performed to evaluate the level of stress in the lining 
of the service tunne1(8) and the 150mm jacking test was used to assess 
the in situ Young's modulus of the concrete. Later the Young's modulus of 
the concrete was also measured by loading 75mm cores drilled out of the 
precast lining, which indicated comparable values to those obtained using 
the 150mm jacking tests. In the summer of 1987, a further investigation 
was performed to evaluate the level of stress in the~in situ lining of 
the adit and marshalling tunne1(9) and the 150mm jacking test was again 
used to assess the in situ Young's modulus of the concrete. In this case 
the Young's modulus of the concrete was also measured by loading 75mm and 
150mm cores. In addition, some of the cores were also turned into 
octagons to assess the material properties and stresses in the in situ 
tunnel lining. 
In this Chapter the assumptions made for the assessment of the in situ 
Young's moduli using the 150mm jacking system are given. In addition, an 
attempt has been made to e~p1uate the stress in the concrete lining of 
the tunnel based on the jacking tests and the recent understanding of the 
behaviour of the concrete after the stresses are released. It should be 
mentioned that since the jacking tests were confined to the 150mm holes, 
only the stresses and material properties based on this hole size are 
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assessed. The results based on the 75mm holes can be obtained from 
references 8, 9 and 38. 
7.2 Instrumentation 
The instrumentation of the tunnel lining can be divided in two parts, the 
precast lining in the service tunnel and the in situ lining in the adit 
and marshalling tunnels. 
7.2.1 Precast lining 
Six precast segments connected to one another as shown in Figure 7.1 
comprised this part of the lining. The arrangement is such that the 
axial tangential force is dominant in each precast segment due to the 
existence of six joints in each ring. The space behind each ring was 
grouted to ensure load transfer to the ring from the surrounding soil. 
The joints between adjacent rings were also grouted to provide load 
transfer between the rings. The inner diameter of the segmental rings 
was 4.6m. Each precast segment had a thickness of 360mm and a width of 
1.25m. The precast rings were sequentially numbered starting from one at 
the north end. Holes of 150mm and 75mm diameter were drilled at rings 
144/BR, 144/CL, 145/CR and 175/BR. The letters BR,CL and CR refer to a 
particular precast segment shown in Figure 7.1. 
The 150mm holes in segments 144/BR and 145/CR were instrumented with 
140mm VW gauges shown in Figure 7.2. The holes in segments 144/CL and 
175/BR were instrumented with 64mm VW gauges as shown in Figure 7.3. In 
both these arrangements only four vibrating wire gauges were used at the 
time of the coring operation. But for the jacking test the array of VW 
gauges was increased to eight, providing gauges on the opposite side of 
each hole. Therefore any inaccuracy in locating the core drill at the 
centre of the array of gauges was compensated. 
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Figure 7.1 
Arrangement of the precast segments in a ring 
i 
I 
I 
I 
I 
Figure 7.2 
Instrumentation for segments 144/BR and 145/CR 
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i 
I 
I 
Figure 7.3 
Instrumentation for segments 144/CL and 175/BR 
7.2.2 In situ lining 
Six rings were tested in the adit and marshalling tunnels. The positions 
of these rings are shown in Figure 7.4. At each ring position, two 150mm 
holes and two 75mm holes were drilled. In Figure 7.5 the corresponding 
positions of the holes at each ring are shown. Figure 7.6 shows the 
pattern of strain gauges for the 150mm holes. The VW gauges were 
installed at 45 degree intervals starting from the plane perpendicular to 
the longitudinal axis of the tunnel. Hence on the inclined part of the 
adit tunnel the gauges did not start from the vertical direction. In 
addition, Demec pips in arrays of 45 degrees were used on and across each 
hole position. The positions of the holes were chosen in a way that the 
release of stress around the 75mm and 150mm holes did not interfere with 
each other and at the same time they were close to the area in which the 
maximum stress in the inner face of the lining was expected. 
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290m 341m 374.9 m 398.9 m 
L.H.S. 
Inclined section 
R.H.S. 
4 3 2 
Adit tunnel 
Figure 7.4 
Position of test rings in the adit and marshalling tunnels 
LANoSIDE SEASIDE 
75 DIA. CORE 
150 DIA. (ORE. 
( JACK ING TESl 
75 DlA. CORE STEEL ARCH 
Figure 7.5 
Typical cross-section through the adit tunnel 
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'''''. 
7.3 Released strains 
Figure 7.6 
Instrumented 150mm hole positions 
The vibrating wire gauges were continuously monitored for at least 24 
hours after the coring operation. This was especially important for the 
core positions in the service tunnel where the effect of high and low 
tide were noticed in the VW gauges. Therefore by having a set of readings 
at the same time on the following day after coring this effect was 
reduced. At the same time temperature variations in the environment and 
the gauges were also recorded. An estimate of the stress profile in the 
depth of the precast lining was obtained by stitch drilling a rectangular 
hole in segment 144/BR and performing a jacking operation to re-establish 
the original strains in the internal VW gauges(8). Monitoring the VW 
gauges at the core positions in the adit and marshalling tunnels was 
performed at 25mm intervals during the coring operation. The changes in 
the VW gauges close to the major principal strain direction gave an 
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estimate of the depth of the neutral axis(9) which was required by the 
consultant. This was important in establishing the stress profile in the 
depth of the lining. The depth of the neutral axis estimated by 
incremental coring was later verified by coring a 150mm hole at a 
position where a crack at the outer face of the lining was discovered in 
ring two. It should be mentioned that incremental coring could be the 
subject of a research programme by itself. 
7.3.1 Precast lining 
The principal released strains recorded by the VW gauges around the 150mm 
holes in the service tunnel were based on the readings performed 24 hours 
after coring. The results are summarised in Table 7.1. 
Table 7.1 Principal released strains from VW gauges in service tunnel 
===================================================================== 
Segment 
No. 
VW Gauge 
(mm) 
£1 £2 
(microstrain) 
£1 Angle 
(degree) 
---------------------------------------------------------------------
144/BR 
145/CR 
144/CL 
175/BR 
140 
140 
64 
64 
28.8 
34.8 
39.2 
45.5 
-2.3 
0.0 
-2.2 
-6.5 
1.9 
0.0 
3.5 
1.1 
===================================================================== 
The directions of the maximum principal strains, £1' confirmed that the 
maximum compressive stress existed in the hoop (vertical) direction, as 
expected. In addition, since the test segments are about the same depth 
under the sea bed, similar strain release patterns were expected. 
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7.3.2 In situ lining 
The 140mm VW gauges around 150mm holes were monitored both during coring 
and afterwards. Figure 7.7 and 7.8 show the variation of the strains in 
the VW gauges on the right hand side of rings two and three respectively, 
R2 and R3. The numbering system adopted for the adit and marshalling 
tunnel was previously illustrated in Figure 7.4. Released strains in the 
VW gauges of R2 only varied slightly with time. Even the released strains 
when the core bit had reached depths of 150mm and 250mm were similar to 
the initial strain values from the fully cored hole and at 1.5-14.5 hours 
after coring. This pattern of released strains with time was not noticed 
in all the rings as can be seen for R3, Figure 7.8, where the released 
strains in the VW gauges changed significantly with time. 
-0- Hoop 
---l(- + 45 
150 -<>- Longitudinal 
-0- - 45 
...0-
100 . 
c 
0 
L- 50 
--VI 
0 
L-
U 
l: 
o 
J'"I 
___________ - - - - - - - - - ~-"t..Tn.--::-:-:-- -:-:-::- ~-~-:~- ~--~ __ ----: __ ~ __ 
...... -50t:======~~======~T~======::======~~.~ 
1S'Omrn 250mm. cored 1.5h 14.Sh 
Figure 7.7 
Strain variation from 140mm VW gauges in the R.H.S~ of ring 2 
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-0- Hoop 
--)(- + 4S 
60 -<>- Longitudinal" 
-0- -4S 
40 
20 
o ------------------------
- 2Q 
-40~~--------~---------~r_-------_,----------~----------~ 
250mm cored 1 h. 2 h. 1S h. 39h. 
Figure 7.8 
Strain variation from 140mm VW gauges in the R.H.S. of ring 3 
The temperature of the environment in the tunnel was relatively stable 
and because the relative humidity had not changed for 10 years, the 
amount of locked-in stresses due to moisture gradient was considered to 
be minimal. In addition, the high relative humidity of the tunnel 
atmosphere would have reduced the reversible drying shrinkage due to the 
wetting action of the water used during the coring operation. The only 
point remaining was to consider the influence of creep recovery in the 
high compressive stress zon€s. Therefore the released strains due to 
residual stresses were considered to be those measured directly after 
coring was finished and those obtained within the next two hours. Table 
7.2 summarises the measured principal strains from the 140mm VW gauges 
during the above period in the adit and marshalling tunnels. 
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Table 7.2 Principal released strains from VW gauges in rings 1 to 6 
=================================================================== 
Ring 
No. 
Side Time after 
coring (h) 
E1 E2 
(microstrain) 
E1 angle 
(degree) 
-------------------------------------------------------------------
1 right 
1 left 
2 right 
2 left 
3 right 
3 left 
4 right 
4 left 
5 right 
5 left 
6 right 
6 left 
o 
1 
o 
1.5 
o 
1.5 
o 
1 
o 
1 
o 
0.5 
o 
1 
o 
15 
o 
1 
o 
2 
o 
6.5 
o 
1.5 
88.8 
104.3 
110.6 
118.6 
120.0 
130.2 
131.0 
148.2 
39.1 
54.8 
42.6 
46.0 
42.8 
47.8 
104.0 
111.8 
14.3 
25.3 
17.4 
21.7 
33.9 
35.9 
28.7 
1.2 
-49.3 
-28.6 
-39.5 
-29.9 
-57.0 
-49.1 
-75.8 
-43.7 
-42.1 
-19.1 
-49.3 
-34.9 
-19.6 
-9.2 
-42.7 
-38.6 
-13.7 
-3.9 
-11.8 
-3.7 
-27.4 
-19.4 
-21.7 
-36.4 
1.7 
4.9 
0.7 
1.6 
9.1 
8.8 
-2.6 
-2.0 
-30.8 
-29.2 
-26.5 
-24.9 
-29.3 
-29.9 
-2.3 
-2.6 
6.1 
9.1 
-5.8 
-2.8 
-1.7 
-0.8 
-0.4 
7.7 
=================================================================== 
All the principal strains in Table 7.2 show a slight increase between the 
time of coring and the next set of readings, except at L6. It should be 
mentioned that for L4 and R6 there were no readings within the first two 
hours after coring was finished, but still the principal strains had not 
changed considerably. 
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7.4 Elastic modulus 
In order to assess stresses from the measured release strains in the 
tunnel lining a knowledge of the Young's modulus of the concrete in the 
released area was required. This was achieved in three different ways, an 
in situ jacking test, loading 75mm and 150mm cores and octagonal 
specimens made by overcasting 150mm cores. 
The jacking tests had been calibrated for a case when the entire 
thickness of the released element was loaded. Therefore assumptions had 
,to~Qmade in order to assess the in situ Young's modulus of concrete from 
the results of the jacking tests where only 25-50~ of the thickness was 
loaded. The octagonal specimens provided estimates of both Young's 
modulus and Poisson's ratio in the released directions, but they required 
extra time for cutting the cores, casting concrete around them and a 
curing period. The 75mm and 150mm cores on the other hand although 
quicker than the octagons provided the Young's modulus in a direction 
perpendicular to the release directions. 
7.4.1 In situ jacking test 
The 150mm jacking test calibrated in the laboratory on 100mm thick slabs, 
was used to assess the in situ Young's modulus. As the thickness of the 
lining in the service tunnel was only 360mm compared to 500-600mm in the 
adit and marshalling tunnels, the response of the VW gauges to the 
jacking tests were different. In addition, at the time when the service 
tunnel was tested, the jacking test was only just being developed 
compared to the stage when the tests were performed in the adit and 
marshalling tunnels. Therefore the jacking tests are divided into two 
sections, precast lining of tfie service tunnel and in situ lining of the 
adit and marshalling tunnels. 
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7.4.1.1 Precast lining 
The jacking test was only performed in the hoop direction. Mild steel 
metal sheets were used to absorb any uneven contours within the hole. 
Initial loads were applied to minimise bedding effects, then loads in 
steps' of 10kN up to 60kN were applied. A least-squares method was then 
used to calculate the response of the VW gauges for 10kN of load. Jacking 
tests were performed at the inner and outer faces of the lining. This was 
essential to find the dispersion of the jacking load within the cross-
section, Figure 7.9. Knowing the distribution of the jacking load, the 
response of the VW gauges, if the thickness of concrete was 100mm, was 
then calculated by dividing the area under the curve of the assumed 
distribution of €, with depth by lOOmm. 
Outer 
face 
<::> 
VI 
Dis t rib uti on 0 f 
€ I wit h de p t h 
"" \yA,',,//.,'\!( fj '\7>--/'l/"~ 
150 
360 
Figure 7.9 
Inner 
140 mm face 
150 mm Jack 
gauge 
Jacking test in the service tunnel 
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The jacking test at the outer face in the core positions instrumented 
with 64mm VW gauges, which were installed on the inner face of the 
tunnel, indicated no response on the gauges. Subsequent tests showed that 
a dispersion distance equal to half the value for the 140mm VW gauges can 
be used to calculate the response of the 64mm VW gauges if the thickness 
of concrete is 100mm. The calculated response of the VW gauges for a 
concr'ete of 100mm equivalent thickness is summarised in Table 7.3. 
Table 7.3 150mm jacking tests in service tunnel 
=============================================== 
Segment 
No. 
VW gauge 
(mm) 
£1 £t 
(microstrain) 
-----------------------------------------------
144/BR 
145/CR 
144/CL 
175/BR 
140 
140 
64 
64 
-11.3 
-11.4 
-18.4 
-18.6 
2.2 
2.4 
2.9 
3.2 
=============================================== 
Strains in a 100mm equivalent thickness. 
£1 = longitudinal strain wrt jack for 10kN 
£t = transverse strain wrt jack for 10kN 
The trial slab used before for calibration of the 150mm jacking test with 
140mm VW gauges was instrumented with 64mm VW gauges to calibrate the 
jacking test for this gauge length. The following equation was obtained 
to assess the in situ Young's modulus from the response of 64mm VW gauges 
around 150mm holes due to the jacking load at core positions 144/CL and 
175/BR. 
• ••• (7-1) 
Where t is the thickness of specimen in mm and S11 is the response of the 
64mm VW gauges in the longitudinal direction with respect to the jack in 
microstrain for 10kN of jacking load. The in situ Young's moduli of 
concrete, E, at the core positions were then calculated using equation 
(4-4) and (7-1) and the results are given in Table 7.4. 
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Table 7.4 Young1s moduli using jacking tests in service tunnel 
=============================~================================ 
Segment 
No. 
VW gauge 
(mm) 
Young1s modulus 
(kN/mm2) 
-----------------------------------------------
144/BR 
145/CR 
144/CL 
175/BR 
140 
140 
64 
64 
47.0 
46.5 
44.7 
44.3 
=============================================== 
7.4.1.2 In situ lining 
Jacking tests were performed in the hoop and longitudinal directions. 
Mild steel metal sheets were used to absorb any uneven contours within 
the hole. Initial loads were applied to minimise bedding effects, then 
loads in steps of 10kN up to 60kN were applied. The least-squares method 
was used to calculate the response of the VW gauges for 10kN of load. 
The first core was drilled at the left hand side of ring one in the adit 
tunnel. A jacking test was first performed in the hoqp direction at the 
inner surface of the tunnel. Then a further jacking test was performed at 
the outer face. As no response was noticed on the VW gauges, jacking 
tests were then performed at 300mm, 150mm and 100mm from the inner 
surface of the tunnel. Again no response was noticed on the VW gauges. At 
this stage jacking tests were performed at 75mm, 50mm and 25mm from the 
inner surface and the VW gauges started to respond. It was decided that 
jacking tests should be performed not only at the inner surface but also 
at depths of 25mm, 50mm, 75mm and 100mm from the inner surface of the 
tunnel lining. Figure 7.10 shows the 150mm jacking test at a depth of 
50mm from the inner surface. 
The results of the jacking tests at different depths were then used to 
draw an .assumed distribution of the longitudinal strain, £1' with the 
depth as shown in Figure 7.11. It was assumed that the magnitude 
of £1 at the depth "2a" from the far end of the jack positioned at 
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the inner surface of tunnel lining was represented by the response of the 
longitudinal VW gauge to a jacking test at depth "a". This assumption was 
made due to the fact that for a jacking test at depth "a", the dispersion 
of the load is on both sides of the jack and not one side only. 
Figure 7.10 
150mm jacking test at 50mm from inner surface 
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£ -I -
o 
LI'I 
.... 
Area under curve ·A~ 
100 
a:25,50,75,100 mm. 
EI for jack at the surface 
E, for jacking at Curve 'A" 
depth "a" ~
I_ 2 a 
Dissipation zone 
I 
Figure 7.11 
150 
150mm jacking tests at different depths 
Page 197 
CHAPTER SEVEN: CASE STUDY: THE CHANNEL TUNNEL 
In order to compare the variation of €l for jacking tests at depths for 
all core positions, the strains were normalised by dividing them by the 
corresponding cl value for the jacking test at the inner surface of each 
hole. Figure 7.12 shows the' upper bound, lower bound and average of these 
values in terms of percentage of cl for the jacking test at the surface. 
Having obtained a distribution for cl with depth then the corresponding 
€l for a 100mm thickness of concrete could be calculated. In addition, 
the calculation for €t was also based on the same distribution as the cl 
values. Although jacking tests were performed in the hoop and 
longitudinal directions, experience with the slabs presented in Chapter 
four has shown that an average value for the jacking test results in 
.different directions would provide a better representation of the 
response of the VW gauges to the jacking test. Table 7.5 summarises the 
results of the jacking tests at different core positions, modified for 
dispersion of the jacking load to give the VW strains for 100mm thickness 
of concrete, and then averaged between the hoop and longitudinal 
directions. In addition, in this table the in situ Young's moduli based 
on equation (4-4) are given. 
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Table 7.5 Jacking test & corresponding Young's moduli for in situ lining 
========================================================================= 
Ring 
No. 
Side 
(microstrain) 
Young's modulus 
(kN/mm2) 
-------------------------------------------------------------------------
1 right -20.46 3.03 26.0 
left -16.96 3.24 31.3 
2 right -18.86 3.12 28.2 
left -15.61 3.09 34.0 
3 right -21.81 3.37 24.4 
left -17.44 3.29 30.5 
4 right -18.21 2.97 29.2 
left -16.52 3.00 32.2 
5 right -25.15 4.42 21.1 
left -19.04 3.43 27.9 
6 right -23.02 3.54 23.1 
left -17.60 3.21 30.2 
========================================================================= 
£1= longitudinal strain wrt jack for 10kN in a 100mm equivalent thickness 
Ct = transverse strain wrt jack for 10kN in a 100mm equivalent thickness 
7.4.2 laboratory core test 
The concrete cores taken from the tunnel lining were all marked and 
sealed in plastic bags to maintain the original moisture content. The 
samples were kept outside the laboratory in cool conditions and were only 
taken inside for test preparation. All the cores were cut by a diamond 
drill disc and were later capped using hard Plastic Padding. The main 
purpose of the laboratory tests was to check the values of Young's 
modulus assessed from the 150mm jacking tests, using conventional 
compression tests on the core~. Compressive stresses of 0.5 to 1SN/mm2 
were applied to establish the Young's modulus. The 1S0mm concrete cores 
from the precast segments of the service tunnel, due to existence of 
reinforce.ment near the inner and outer faces of the lining, could not 
satisfy the length/diameter ratio of about 2. Therefore only the 7Smm 
cores were used in this section of the tunnel. All the concrete cores 
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were later crushed to estimate the cube strength of the concrete lining. 
7.4.2.1 Precast lining 
The 75mm concrete cores were all cut to size and instrumented with 100mm 
Demec gauges at 90 degree intervals. A core taken while removing a 
rectangular block in the leading edge of segment 144/BR was also included 
in the tests. The influence of the gauge length was investigated by 
mounting 50mm VW gauges on one of the cores. Figure 7.13 shows this core 
inside the universal loading machine. In addition the effect of variation 
in the moisture content on the Young's modulus was also investigated on 
this core. Table 7.6 summarises the results. 
Figure 7.13 
75mm cylindrical core instrumented with VW and Demec gauges 
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Table 7.6 Tests on the cores from the service tunnel 
============================================================== 
Segment Moisture Young1s modulus (kN/mm2) 
No. condition Demec VW 
--------------------------------------------------------------
144/BR normal 45.7 87.3 
144/BRa normal 46.9 71.9 
144/CL normal 46.5 70.6 
145/CRb normal 50.0 64.3d 
145/CRc normal 46.6 44.0 79.7 
saturated 46.8 45.0 
dry 44.3 42.7 
============================================================== 
tcu estimated in situ cube strength(BS1881, part 120, 1983} 
a core from the stitch drilled concrete block 
b from the inside edge of the core 
c from the outside edge of the core 
d non-conical failure mode 
The Young1s moduli with the moisture content preserved in the specimens 
were between 44-47kN/mm2, disregarding the unusual value obtained from 
the core of 145/CR at the inside edge. The Young1s moduli obtained from 
these cores were similar to those of Table 7.4 which were obtained using 
the 150mm Jacking test. The Young1s moduli based on 100mm Demec and 50mm 
VW gauges were within 5% of each other, reflecting the small effect of 
this parameter. In addition, the Young1s modulus of the dry core was only 
5% below that of the saturated core. The Young1s modulus of the saturated 
core was very close to the values for the normal moisture content 
condition in the core from segment 145/CR, outside edge. This was due to 
the high relative humidity of the tunnel environment. 
7.4.2.2 In situ lining 
The cores taken from the in situ lining of the adit and marshalling 
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tunnels were all cut and capped and their Young's moduli were obtained. 
The amount of reinforcement in the in situ lining was very small 
therefore the majority of the cores, even 150mm diameter, had not cut 
through any reinforcement. Some of the cylinders made from the 150mm 
cores had 8mm diameter reinforcement bars transverse to the core axis. 
The influence of these bars was not important in assessing the elastic 
modultis but their effect was considered in calculating the estimated in 
situ cube strength. In Table 7.7 the results are summarised. 
Table 7.7 Tests on the cores from the in situ lining 
================================================================ 
Ring 
No. 
Side Young's modulus(kN/mm2) 
150mm 75mm 
fcu (N/mm2) 
150mm 75mm 
----------------------------------------------------------------
1 right 30.7 31.8 62.3 61.8 
left 32.1 30.9 47.9 42.8 
2 right 34.9 35.8 56.1 53.6 
left 29.9 31.4 49.2 62.4 
3 right 29.9 33.5 56.2 59.7 
left 29.9 30.6 58.0 48.2 
4 right 31.0 29.9 55.6 42.5 
left 32.2 30.1 56.3 54.2 
5 right 29.3 25.7 59.8 53.6 
left 26.9 25.7 55.7 48.7 
6 right 25.0 23.1 43.6 50.2 
left 24.2 27.3 45.1 39.7 
================================================================ 
f cu estimated in situ cube strength(BS1881, part 120, 1983) 
The Young's moduli in the adit tunnel, ring 1 to 4, were between 30 to 
36kN/mm2 and in the marshalling tunnel, ring 5 and 6, were between 23 to 
29kN/mm2• Elastic moduli obtained from the two core sizes were relatively 
similar. The estimated in situ cube strengths obtained from the two core 
sizes in most cases were similar. The average estimateq in situ cube 
strength~ of the cores in the adit tunnel were 55.2 and 53.2N/mm2 for 
150mm and 75mm cores respectively. The average estimated in situ cube 
strengths of the cores in the marshalling tunnel were 51.1 and 48.1N/mm2 
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for the 15Dmm and 75mm cores respectively. The results from both the 
15Dmm and 75mm cores suggested that the concrete in the adit tunnel 
lining was of better quality than in the marshalling tunnel. 
7.4.3 Small octagons 
Some of the 15Dmm cores drilled out of the in situ lining of the tunnel 
were later cut and cast into octagons. In each case the curved inside 
edge of the core was cut from the length of the core. Each octagon was 
instrumented on both faces by 45 degree arrays of Demec pips and loaded 
as explained in section 6.3.1. Using the equation derived in section 
6.3.3, the material properties were calculated from the results of 
loading the small octagons. The magnitude of the longitudinal, transverse 
and 45 degree strains from these octagons along with the material 
properties obtained in this way are summarised in Table 7.8. 
Table 7.8 Strains by loading the small octagons from in situ lining 
======================================================================= 
Ring 
No. 
Side 
(strains in microstrain for 1DkN) 
Young's 
modulus 
(kN/mm2) 
Poisson's 
ratio 
-----------------------------------------------------------------------
4 right -28.9±D.2 9.9±D.3 -5.8±D.2 33.4 0'.16 
5 right -35.5±D.6 11.6±D.2 -6.9±D.2 27.2 0'.16 
6 right -35.5±D.2 12 .9±D.2 -5.9±D.5 28.3 0'.22 
6 left -33.5±D.3 1l.5±D.3 -6.D±D.5 28.9 0'.18 
======================================================================= 
" 
The Young's moduli obtained from the octagons were similar but lower in 
the marshalling tunnel compared to ring four in the adit t~nnel. Loading 
the octagons also provided estimated values for Poisson's ratio which, 
apart from the value obtained from R.H.S. of ring six, were between 0'.16 
to 0'.18. 
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7.4.4 Comparison of Young's moduli 
Now that the elastic moduli of the concrete lining have been obtained 
using 150mm jacking tests, 75mm cores, 150mm cores and small octagons, it 
is possible to compare the results. Table 7.9 summarises all the results. 
Table 7.9 Comparison of Young's moduli 
============================================================= 
Ring or 
segment 
150mm Jack ing 
test 
---Cores---- Octagon 
75mm 150mm 
-------------------------------------------------------------
144/BR 47.0 45.7 
144/BRa 46.9 
145/CR 46.5 48.3b 
144/CL 44.7 46.5 
175/BR 44.3 
1 right 26.0 31.8 30.7 
left 31.3 30.9 32.1 
2 right 28.2 35.8 34.9 
left 34.0 31.4 29.9 
3 right 24.4 33.5 29.9 
left 30.5 30.6 29.9 
4 right 29.2 29.9 31.0 33.4 
left 32.2 30.1 32.2 
5 right 21.1 25.7 29.3 27.2 
left 27.9 25.7 26.9 
6 right 23.1 23.1 25.0 28.3 
left 30.2 27.3 24.2 28.9 
============================================================= 
a core from the stitch drilled concrete block 
b average of the inside and outside edge of the core 
The following points are important to mention: 
a} Jacking tests and octagons provide estimates of the Young's modulus in 
the release direction while values from the cores are in a perpendicular 
direction to the release direction. 
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b) Jacking tests are in situ tests therefore the moisture content, 
temperature, reinforcement, microcracks and geometry of the section that 
the core has been taken from can introduce variations in the response of 
the VW gauges under the jacking load. In addition, jacking tests in a 
hole longer than the length of the jack introduces an extra parameter. 
Extensive experimental and numerical work is required to establish the 
relationship between loads and strains in a jacking test in a hole which 
is longer than the length of the jack. Therefore there is some doubt 
about the assumed distribution of the jacking load in a hole, Figures 7.9 
and 7.11. 
c) Both the cores and octagons by the time they are tested may have 
different moisture contents compared to that of the concrete in the 
structure, introducing errors in the assessment of Young's modulus. 
Considering the above points, the Young's moduli established by the 150mm· 
jacking test are promising. In the service tunnel, the jacking test 
produced values very close to those obtained from the cores. In the adit 
and marshalling tunnels where deeper holes were made, the jacking test 
produced similar values to the cores in most cases. The results from the 
octagons also demonstrated good potential in the assessment of Young's 
moduli. It should be mentioned that even the Young's moduli obtained from 
the cores in the same ring indicated different values •. In the right hand 
side of ring 5 this difference was 14%. However, the importance of the 
jacking tests and the octagons is that they provide values for Young's 
modulus in the release direction. 
7.5 Stresses 
The main purpose of investigations such as those performed in the Channel 
Tunnel is to supply the client with the level of stresses in the 
structure. Subsequently this information could have been. used to improve 
the analytical models for the analysis of the structure. Unfortunately, 
even after the investigation was finished the level of stresses that was 
theoretically predicted before hand, was not available to the 
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investigating team. Theoretical analysis of this sort requires detailed 
information about the surrounding soil and the construction. Both 
the analysis and the soil investigations are normally performed by an 
experienced team for such cases. Therefore in this section no comparison 
can be made with the theoretical stresses. However, at each core 
position, in addition to the array of vibrating wire gauges around the 
hole, 45 degree arrays of Demec pips were placed on the core and across 
the hole. Therefore it is possible to compare the stresses based on the 
jacking tests and the octagons with the stresses based on the measured 
release strains in the Demec gauges on the core and across the hole. 
7.5.1 Jacking test 
The stresses based on the jacking test in 150mm holes with arrays of 
140mm VW gauges can readily be obtained using the equations derived in 
Chapter four, equation (4-4) in particular. For the 150mm holes 
instrumented with arrays of 64mm VW gauges the following equation was 
obtained using one of the trial slabs. Using the vector of re-
establishing forces along the principal directions, f p' this equation 
provides the principal stresses in the structure before coring, ~p. 
1 
[ 
17.2 
5.4 t 
5.4 ] 
Fp 
17.2 ~ •••• (7-2) 
Where t is the thickness of the specimen under load. It should be 
mentioned that the response of the VW gauges around the hole to the 
jacking load given in Tables J.3 and 7.5 have already been modified for 
a 100mm thickness. 
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7.5.1.1 Precast lining 
Stresses in the precast lining based on the results of the jacking tests, 
Table 7.3, and the measured principal release strains, Table 7.1, are 
given in Table 7.10. The maximum principal stresses assessed by the 
jacking tests range between -3.4 to -4.3N/mm2• 
Table 7.10 Stresses in the service tunnel based on the jacking test 
=================================================================== 
Segment Angle of 01 
(degree) 
-----------------------------------------------------------------
144/BR -26.1 -3.0 -3.4 -1.1 1.9 
145/CR -31.9 -6.7 -4.2 -1.7 0.0 
144/CL -21.9 -2.3 -3.9 -1.6 3.5 
175/BR -24.6 -0.7 -4.3 -1.5 1.1 
=================================================================== 
It was mentioned earlier in section 7.3 that the stress profile across 
the depth of the lining was obtained by stitch drilling a rectangular 
hole. A load was applied inside the hole in the hoop direction and the 
average internal stresses were assessed when the internal VW gauges 
were restored to their original readings. The stresses obtained in this 
way were -4.0N/mm2, close to the inside face, and -2.9 to -3.4N/mm2, 
close to the outside face(8). This stress profile corresponds to an 
eccentricity of only 20mm and an axial force of 1287kN/m and a bending 
moment of 27.5kNm/m. It was expected that there would be a dominant 
compressive force due to the existence of 6 joints around the precast 
ring. The estimated stress c19se to the inside face from jacking inside 
the rectangular hole was comparable to the values obtained from the 150mm 
jacking tests, ie 01 values in Table 7.10. 
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7.5.1.2 In situ lining 
Stresses in the in situ lining based on the results of the jacking tests, 
Table 7.5, and the measured principal release strains, Table 7.2, are 
given in Table 7.11. 
Table 7.11 Stresses in the in situ lining based on jacking test 
======================================================================= 
Ring Side Time after F1 F2 (51 (52 Angle of 51 
, No. coring (h) (kN) (kN) (N/mm2) (N/mm2) (degree) 
-----------------------------------------------------------------------
1 right 0 -40.7 18.1 
-4.7 1.2 1.7 
1 -50.0 6.6 -6.1 -0.5 4.9 
1 left 0 -63.1 11.2 -7.7 -0.3 0.7 
1.5 -69.1 4.5 -8.6 -1.3 1.6 
2 right 0 -60.3 20.3 -7.1 0.9 9.1 
1.5 -66.6 15.0 -8.0 0.1 8.8 
2 left 0 -77 .4 33.2 -8.9 2.1 
-2.6 
1 -93.1 9.6 
-11.5 -1.3 
-2.0 
3 right 0 -15.3 16.9 -1.5 1.7 
-30.8 
1 -24.4 5.0 -2.9 -0.0 
-29.2 
3 left 0 -19.8 24.5 -1.8 2.6 
-26.5 
0.5 -23.4 15.6 -2.5 1.3 
-24.9 
4 right 0 -22.3 7.1 -2.6 0.3 
-29.3 
1 -26.1 0.8 -3.3 -0.6 
-29.9 
4 left 0 -60.3 14.9 -7.2 0.3 
-2.3 
15 -65.6 11.5 -8.0 -0.3 
-2.6 
5 right 0 -4.9 4.6 -0.5 0.5 6.1 
1 -10.1 -0.2 -1.3 -0.3 9.1 
5 left 0 -8.3 4.7 -0.9 0.4 
-5.8 
2 -11.4 -0.1 -1.4 
-0.3 
-2.8 
6 right 0 -13.2 9.9 -1.4 0.9 
-1.7 
6.5 -14.6 6.2 -1.7 0.4 
-0.8 
6 left 0 -14.5 9.7 -1.6 0.8 
-0.4 
1.5 3.2 21.3 1.0 2.8 7.7 
======================================================================= 
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Here it is assumed that concrete behaves the same in tension and 
compression. All the stresses in the above table have apparently become 
slightly more compressive between the time of coring and the next set of 
readings which is possibly due to the creep recovery. The left hand side 
of rings 2 and 6 are exceptions. The former showed a large creep recovery 
but the latter indicated an opposite effect. 
7.5.2 Small octagons 
Stresses in the in situ lining were based on the approach explained in 
section 6.3, using 150mm cores. As Demec gauges had not been monitored as 
frequently as the VW gauges, the stresses were calculated for all sets of 
readings. In Table 7.12 the principal released strains, the re-
establishing forces along principal directions and the principal stresses 
are summarised. 
Table 7.12 Stresses using small octagons 
========================================================================= 
Ring Side Time £1 £2 Angle F1 F2 61 62 
No. (hour) (microstrain) (degree) (kN) (kN) , (N/mm2) (N/mm2) 
-------------------------------------------------------------------------
4 right 0 113.0 56.1 -49.1 -51.0 -36.2 -4.17 -2.53 
22 58.3 22.3 -31.7 -25.5 -16.1 -2.12 -1.08 
5 right 0 94.9 46.0 4.8 -34.8 -24.4 -2.85 -1.70 
1 96.9 40.0 4.1 -34.7 -22.7 -2.87 -1.54 
6 right 0 148.0 -15.0 4.3 -47.9 -13.6 -4.26 -0.47 
6 left 0 175.6 37.8 -3.4 -64.0 -33.2 -5.44 -2.04 
24 195.3 34.1 1.4 -70.0 -34.2 -5.98 -2.03 
========================================================================= 
The maximum compressive principal stresses obtained from the octagons in 
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the right hand side of rings 4, 5 and 6 are similar to those determined 
from the jacking tests. The directions of the maximum principal stresses 
are also within a few degrees of each other. At the left hand side of 
ring 6 no similarity can be observed. This may be due to microcracking, 
since poor quality of concrete was noticed in this area along with radial 
cracks in the vicinity of the hole. 
7.5.3 Comparison with strain release method 
Here the release method refers to the stresses that can be obtained from 
the 45 degree arrays of Demec pips on the core and across the hole. This 
is the area under investigation by Buchner(38}. Basically the stresses 
can be assessed from the released strains and the equations provided in 
Appendix-I. Therefore it is important to make the right assumption 
regarding material properties of concrete, ie Young's modulus and 
Poisson's ratio. It is also possible to calculate the stresses from the 
released strains measured by the VW gauges. In this section the stresses 
are calculated from the measured release strains recorded by the Demec 
gauges on the core and across the hole, and the VW gauges around the 
hole. The conversion from strain to stress is based on the Young's moduli 
established by 150mm jacking tests and a Poisson's ratio of 0.15 with the 
use of the equations derived in Appendix-I. It should be mentioned that 
the actual hole that was drilled had a diameter of 152mm and this value 
was considered instead of 150mm. 
The maximum compressive principal stresses based on the release method 
using the equations derived in Appendix-l and the stresses obtained from 
the jacking tests and the octagons are summarised in Table 7.13. Close 
inspection of Table 7.13 indicates that: 
a} The results of the stresses based on the jacking test are similar to 
those obtained from the release method on the VW gauges. 
b} The stresses based on the core readings in the service tunnel are 
similar to those determined from the jacking test and the release method 
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Table 7.13 Comparison of maximum compressive principal stresses 
========================================================================= 
Ring or Time after 
. * Segment corlng (h) 
Maximum compressive principal stress (N/mm2) 
JT Octagon VW Core Across 
-------------------------------------------------------------------------
144/BR 
145/CR 
144/CL 
175/BR 
1 right 
1 left 
2 right 
2 left 
3 right 
3 left 
4 right 
4 left 
5 right 
5 left 
6 right 
6 left 
24 
24 
24 
24 
o 
1 
o 
1.5 
o 
1.5 
o 
1 
o 
1 
o 
0.5 
o 
1 
o 
15 
o 
1 
o 
2 
o 
6.5 
o 
1.5 
-3.4 
-4.2 
-3.9 
-4.3 
-4.7 
-6.1 
-7.7 
-8.6 
-7.1 
-8.0 
-8.9 
-11.5 
-1.5 
-2.9 
-1.8 
-2.5 
-2.6 
-3.3 
-7.2 
-8.0 
-0.5 
-1.3 
-0.9 
-1.4 
-1.4 
-1.7 
-1.6 
1.0 
-4.0 
-4.9 
-3.7 
-4.1 
-5.2 
-7.2 
-8.8 
-10.0 
-8.0 
-9.2 
-9.9 
-13.3 
-1.4 
-3.4 
-1.8 
-2.8 
-4.2 -3.0 
-2.1 -3.9 
-8.3 
-9.2 
-2.9 -0.5 
-2.9 -1.5 
-1.0 
-1.7 
-4.3 -1.5 
-1.9 
-5.4 -1.7 
-6.0 1.5 
-4.4 
-3.5 
-4.3 
-4.9 
-8.2 
-7.8 
-12.4 
-11.1 
-10.8 
-10.2 
-17.4 
-14.4 
-3.4 
-1.7 
-5.5 
-4.8 
-3.6 
-1.8 
-11.4 
-10.7 
-2.2 
-2.2 
-2.1 
-1.1 
-3.4 
-5.6 
-6.2 
-1.8 
-0.8 
-0.4 
-2.2 
-5.2 
-6.2 
-7.4 
-7.8 
-7.6 
-10.6 
-10.8 
-1.0 
-2.0 
-3.4 
-0.4 
-1.7 
-7.1 
0.5 
0.5 
0.0 
-1.4 
-1.5 
-3.0 
-2.8 
========================================================================= 
* 
time given is specifically for the VW gauges. For the Demec gauges, 
the set of readings taken at the nearest to the VW gauges is chosen. 
JT = jacking test. Core = Demec gauges on the core. 
VW = release method on VW gauges. Across = Demec gauges across the hole. 
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from the VW gauges. In the adit and marshalling tunnels, rings 1-6, the 
core results are always higher than the values from the jacking test and 
the release method from the VW gauges. 
c) The stresses based on the release strains detected by the Demec gauges 
across the hole, except in the service tunnel, are very close to results 
from the jacking tests and the release method from the VW gauges. 
d) The octagons provided stresses comparable to those obtained from the 
cores. 
Although the stresses obtained from the jacking tests, octagons and the 
release methods cannot be compared with the theoretical values, it is 
possible to compare them against the relative position of the segments or 
rings with respect to one another. 
In the service tunnel, segments 144/BR, 145/CL, 144/CR and 175/BR, are 
all about the same depth under the sea bed, and the same level of stress 
is expected in all of them. This has been confirmed by all the methods. 
In the adit tunnel, Figure 7.4, rings 1 and 2 are at the deepest position 
with respect to the cliffs, raising the likelihood of high levels of 
compressive stresses. Rings 3 and 4 which are in the inclined section of 
the adit tunnel indicated lower levels of stress than in rings 1 and 2. 
The reason that ring 3 indicated a lower stress than ring 4 despite an 
increased depth is due to the fact that the position of the 150mm and 
75mm holes in the left hand side of this ring was swapped, Figure 7.5. It 
was found that the maximum compressive stress was occurring at 500mm 
above the centre line. Therefore the 150mm hole on the left hand side was 
in a zone of low stress level, but the released strain around the 75mm 
hole indicated a high compressive stress(9). In these two rings, it was 
expected that the direction of the maximum compressive principal stress 
would deviate from the hoop direction, this point was indeed picked up by 
the VW gauges, see Table 7.11. 
In the marshalling tunnel, Figure 7.4, ring 5 which is about 10m from a 
massive vertical concrete diaphragm indicated a low level of stress. But 
ring 6 which is 39m from the end wall indicated a slight increase in the 
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level of compressive stress. Further coring in the crown of the 
marshalling tunnel revealed that the surrounding soil was not in contact 
with the lining in that area so there was little arching action, and the 
reason for the low level of compressive stress was explained. 
7.6 Conclusions 
The investigation performed on the linings of the Channel Tunnel provided 
an ideal opportunity to test the practicality of the 150mm jacking test 
in the assessment of concrete stresses and in situ Young's modulus of 
concrete. In the course of this investigation the following pOints were 
noticed. 
a) The in situ Young's modulus can be obtained using the 150mm jacking 
test. The values obtained were in most cases comparable to those assessed 
in the laboratory from conventional compressive tests on the cores 
retrieved from the concrete lining. The jacking test estimated the 
Young's modulus of concrete in the release direction and the results of 
the test were available within a few hours after the test was performed. 
On the other hand the core test required cutting and capping of each core 
and had to be done in a laboratory. Therefore the results were not 
readily available for decision making or judgment on the level of stress 
from the released strains. 
b) The jacking test provided a method for estimating level of stress 
which due to the nature of the method, required no knowledge of the 
material properties of the concrete. The estimated stresses based on the 
150mm jacking test were comparable to those obtained from the release 
method. 
c) The small octagons provid~d another means of estimating the Young's 
modulus of concrete in the release direction. In addition the stresses in 
the lining were also calculated from the loads applied to the octagons to 
re-establish the original strains in the gauges on the concrete cores. 
These stresses were similar to those obtained from the corresponding 
cores using the release method. 
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8.1 Introduction 
The objectives of this research, given in section 1.3, have all been 
achieved. Two jacks have been designed to apply load within circular 
holes of 150mm and 75mm diameter drilled in a concrete section •. Equations 
have been derived to relate the loads required to re-establish the 
original strain field at the cored position to the stresses in the 
concrete before coring. The 150mm diameter cores were transformed into 
octagons by casting concrete around them and from the loads required to 
restore the original strain field, the stresses in the concrete at the 
cored position were obtained. In addition, the Young's modulus of the 
concrete at the cored position in the release direction was also assessed 
from both the jacking test and the octagons. The load test on the 
octagons could also provide an estimate of Poisson's ratio of the 
concrete. Numerical analyses based on the Finite Element Method, the 
Infinite Plate Theory and the Boundary Element Method were performed. The 
estimated strains in the viorating wire gauges were similar to the 
experimental results. 
8.2 Conclusions 
The work done in this research has led to the following conclusions: 
a) Concrete: 
i) It has been shown that concrete when stresses are relieved in 
close proximity to a cir~ular hole, behaves in a linear elastic 
manner within the working stress range. 
ii) The effects of locked-in stresses, creep recovery, reversible 
drying shrinkage and temperature are particularly important in the 
assessment of released stresses. 
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b) Release of strains: 
i) An external array of 8 temperature vibrating wire gauges around a 
circular hole is the optimum to measure the released strains and 
give an acceptable degree of accuracy. 
ii) The release strains measured by 140mm VW gauges around 150mm 
holes are more consistent than the release strains measured by 64mm 
VW gauges around 75mm holes. 
iii) The release strains measured by the VW gauges at 1-3 hours 
after coring are considered to be appropriate for the assessment of 
stresses in a concrete structure at a cored position. 
iv) The release strains in a loaded rectangular slab can be 
simulated from the differences in the response of VW gauges in the 
cored and uncored slabs under load. 
vi) The Infinite Plate Theory can be used to estimate the original 
stresses in a concrete structure from the measured release strains 
if the material properties of the concrete are available. 
vii) The results of the numerical methods indicate'.that the released 
strains are not sensitive to the actual value of Poisson's ratio. 
c) Jacking test: 
i) A realistic estimate of the in situ Young's modulus of the 
concrete in the release direction can be obtained from the response 
of the VW gauges to the jacking load. 
ii) The stresses in the concrete can be estimated from loads applied 
by the jack to re-establi~h the original strain field. This estimate 
requires no knowledge of the actual Young's modulus of the concrete. 
The 150mm jacking test in particular has shown great potential. 
iii) The 150mm jacking test in the worst possible direction is safe 
and causes no measurable cracking at the sides of the hole up to a 
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load of 80kN on a 100mm thick slab, and the response of the VW 
gauges are linear up to a load of 60kN. 
iv} The Boundary Element Method can be used to estimate the response 
of the VW gauges around circular holes to the jacking load. 
v} The results of the numerical methods indicate that the response 
of the VW gauges to the jacking load is not sensitive to the actual 
value of Poisson's ratio. 
d) Octagons: 
i) Young's modulus and Poisson's ratio of the concrete cores in the 
release direction can be estimated from the response of the Demec 
gauges on the cores to the load applied in the release direction. 
ii} The stresses at the cored position can be assessed from the 
loads applied to re-establish the original strains on the cores and 
requires no knowledge of the actual value of Young's modulus. 
iii} The relationship between the restoring forces and the original 
stresses is not sensitive to the actual value of Poisson's ratio. 
8.3 Recommendations for further work 
The studies performed in this research were on the specimens under a 
uniform uniaxial or biaxial stress field. The slabs were only 100mm 
thick and no reinforcement was cut by the coring operation. These 
limitations can easily be violated in a real structure. Coring in the top 
or soffit of a reinforced con~rete beam will be in a stress field which 
varies with depth. Coring in the web of such a beam will be in a stress 
field which varies across the instrumented core position. In addition, it 
is not always possible to drill through the whole thickness of the 
specimen or to avoid reinforcement. Jacking tests in the situations where 
a blind hole or a long hole is concerned have not yet been calibrated. 
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The following investigations are recommended as further work in this area 
of research: 
i) A study of the influence of a variable stress field on the 
release pattern of strains. 
ii) A study of the effect of a blind hole on the release pattern of 
strains to obtain a minimum coring depth for assessment of stresses 
from the measured release strains on the coring face. Therefore the 
cost of coring and the total duration of site work would be 
reduced. 
iii) A study of jacking tests in blind holes and holes longer than 
the length of the jacks to investigate the dispersion of the 
jacking load along the depth of the hole. This study has practical 
applications, such as investigations performed in the lining of the 
Channel Tunnel(8,9). 
iv) A study of the influence of cutting through reinforcement bars 
on the release pattern of strains and jacking tests. 
In all the above investigations extensive practical work is involved. In 
addition, expensive 3-D Finite Element or Boundary Element Analyses are 
required to numerically simulate the response of concrete to the coring 
or jacking tests. 
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APPENDIX-I: FORMULAE FOR STRESS AND STRAIN AROUND CIRCULAR HOLES 
1.1 Introduction 
In this appendix formulae for stress and strain around circular holes in 
an infinite plate under plane stress conditions for a linear elastic, 
isotropic material are given. The basic equations are available in most 
books on theory of elasticity. The radial displacement equations referred 
to in this appendix are derived by Mushkhelishvili(59). Based on these 
equations the stresses and strains around the holes can be obtained. In 
addition, a general set of formulae is derived which if the material 
properties of concrete were known the stresses can be assessed from the 
released strains measured by vibrating wire gauges around circular holes. 
These equations are for any hole size, gauge length and gauge position 
with respect to the hole. 
1.2 Formulae for stress 
In an infinite plate under a uniaxial stress of 6x the 'stresses around a 
circular hole of radius Ro are obtained from the following • 
••.• (1-1) 
•••• (1-2) 
•••• (1-3) 
Where R is the ratio of the hole radius Ro to the radial distance r from 
the centre of the hole, 6r is~the radial normal stress, 6~ is tangential 
stress and~r~ is the shear stress. All the stresses are at a point r 
from centre of the hole at an angle ~ with respect to the 6x direction. 
The stresses at the edge of the hole can be obtained by substituting Ro' 
radius of the hole, for r in the above equations. The radial and shear 
stresses are zero at the edge of the hole but the tangential stresses 
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have the following formula. 
• ••• (I-4) 
The maximum and minimum values of 6~ are obtained at ~=O and ~=90 degree 
from the,6x direction and are as follows. 
Therefore the minimum tangential stress at the edge of the hole is of 
the same magnitude os the uniaxial stress field but of opposite sign and 
that of the maximum is three times 
same sign. 
1.3 Formulae for displacement 
the uniaxial stress field with the 
Because of the nature of the strain measurements only the radial 
displacements are of interest to this research. The radial displacement 
in an infinite plate under a uniaxial stress of 6x is obtained from the 
following equation(S9). 
1+~ 1-~ 4R 2 R 4 
Vr = --[ 2(-)r2+2Ro2+2( 0 + r2 - ~)Cos 2~] 6x 4Er 1+~ 1+~ r.r 
Where Vr is the radial displacement, E is Young's modulus and ~ is 
Poisson's ratio. After some algepra the above equation turns into. 
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1.4 Formulae for released strains 
In order to calculate the released displacements around a circular hole 
in an infinite plate under a uniaxial stress field of 5x' from the radial 
displacement Vr equation (1-5) the displacement in an infinite plate 
with no hole will be deducted. The final equation is given below • 
• • • • (I -6) 
To simulate the released strains recorded by VW gauges, the displacements 
at the centre of the blocks at either end of the gauge are calculated. 
Then, dividing their difference by the gauge length gives the released 
strain. 
1.5 Assessment of stresses from released strains 
The calculation of the stresses based on the released strains can be 
divided into three categories, complete release on the core, partial 
release across the hole and partial release around the hole. In order to 
obtain the general formulae for the last case, it is imperative to start 
from the first case. 
1.5.1 Complete release 
.. 
The complete release happens on the concrete core. The principal strains 
and the maximum principal strain direction can be obtained from the 
equations .derived by Lightfoot(43) or from the Mohr's circle of strains. 
The Lightfoot equations are given below. 
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Where 
£1 = P + Q 
£2 = P - Q 
o = 0.5COS-1[(£a-£c)/2Q] 
P = (£a + £b + £c + £d)/4 
Q = 0.5[(£a - £c)2 + (£b - £d)2]0.5 
£1 = Maximum principal strain 
£2 = Minimum principal strain 
] ••• (1-71 
£a to £d = Strain in the gauges in 45 degree clockwise intervals 
• = Direction of the maximum principal strain from gauge "a" 
Then the principal stresses under plane stress conditions can#be obtained 
from the principal strains using the following formula. 
E 
•••• ( 1-8) 
1.5.2 Partial release across the hole 
This type of release corresponds to the measurement of strains across a 
hole using Demec gauges. If the stresses are calculated using the 
approach given for the complete release, due to partial release, there 
will be some difference between the calculated stresses and the actual 
stresses. The calculated stresses in this way are referred to as the 
apparent stresses. Using equation (1-6), the relationship between the 
apparent stresses and the actual stresses can be obtained through 
rigorous algebra. If the apparent stresses are shown as 01 and~, then 
the following equation gives the actual stresses. 
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•••• ( 1-9) 
Where 
1-~ 1+~ 
a1 = + 
2R2 (1 +Il) 2R2[4 - R2(1+1l)] 
1-~ 1 +Il 
a2 = 
2R2 (1 +~) 2R2[4 - R2(1+~)] 
R = R /r o 
r = Radial distance of the Demec pip to centre of the hole 
Ro = Hole radius 
The derivation of the above equations is obtained in the following order. 
1) Equation (1-6) is used for Ox of unity. It is as though that 5x is 
the maximum principal stress, 01' hence in equation (1-6): 
for 51=1 
2) The strain recorded by the Demec gauge is idealised by dividing the 
radial displacement at the Demec pip position by its radial distance • 
•••• (I-10) 
Where cave-cd is the average strain in any direction between centre of 
the hole "c" and the Demec pip ~ositioned at "d" from centre of the hole. 
3) The Demec gauge strains are calculated for 0 and 90 degree angles 
corresponding to c1 and 82, the maximum and minimum principal strains 
respectively. 
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Cave-cr,O = C1 = [ A + B ]1(4E) 
] ••• (1-111 
Cave-cr,90 = £2 = [-A + B ]1(4E) 
Where 
Cave-cr,O = Average strain, between centre to r at 0 degree 
Cave-cr,90 = Average strain, between centre to r at 90 degree 
A = 2R2(4-R2(1+~)) 
B = 2(1+~)R2 
4) Using equation (1-8) the apparent stresses are obtained. 
~ = [-C + D ] 
Where 
C = AI [4 (1 +~) ] 
D = B/[4(1-~)] 
] ••• (1-121 
5) From step 4, the apparent stresses are related to the actual stresses. 
Here the reciprocal theorem is used to consider the effect of 62 on the 
apparent stresses. 
[ 
C+D 
-C+D 
-C+D ] 
C+D 
] ••• (1-131 
6) The inverse of the above relationship is equation (1-9). 
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1.5.3 Partial release around the hole 
This type of release corresponds to the measurement of strains around a 
hole using vibrating wire gauges. If the stresses are calculated using 
the approach given for the complete release, there will be some 
differ~nce between the calculated stresses and the actual stresses. The 
calculated stresses in this way are referred to as the apparent stresses. 
Using equation (1-6), the relationship between the apparent stresses and 
the actual stresses can be obtained through rigorous algebra. If the 
apparent stresses are shown as ~1 and~, then the following equation 
gives the actual stresses. 
Where 
~1 = [(Cf + Df}Kf - (C n + Dn}Kn]/Det 
~ =-[(-Cf + Df}Kf - (-Cn + Dn}Kn]/Det 
Det = 4Kf2(CfDf)+4Kn2(CnDn}-4KnKf(CnDf+CfDn} 
Subscript n = Near end of the VW gauge 
Subscript f = Far end of the VW gauge 
Ki = ri/(rf-rn} 
R i = Ro/ri 
Ci = Ai/[4(1+~}] 
Di = Bi/[4(1-~}] 
Ai = 2Ri2(4-Ri2(1+~}} 
B i = 2 (1 +~ ) R i 2 
Subscript i = n or f, near for far end of the VW gauge 
• •.• (I-14) 
ri = Radial distance to point i from centre of the hole 
Ro = Hole radius 
Although the above equations seem complicated, the fact is for a known 
arrangement of the vibrating wire gauges the ~1 and ~ values can be 
calculated once for different Poisson's ratios. The derivation of the 
above equations is obtained in the following order. 
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1} Equation (1-6) is used for 5x of unity. It is as though that 6x is 
the maximum principal stress, 61, hence in equation (1-6). 
for 51=1 
2) The strain in the vibrating wire gauges are idealised as shown in 
Figure 1.1. The difference in the displacements of the far end and near 
end of the VW gauge is divided by the gauge length. 
Hole 
Centre 
c 
,. 
rn 
near 
end 
n 
_Vr-n 
--I 
rf 
Figure 1.1 
far 
end 
f 
Vr-f 
'I 
Position and radial displacement of the VW blocks 
Therefore the average strain in the vibrating wire gauge is as follows. 
or 
or 
or 
or 
•••• (1-15) 
Where 
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eave-nf = Average strain between n to f 
eave-cn = Average strain between centre to n 
eave-cf = Average strain between centre to f 
The above simplification makes it possible to use the set of equations 
derived for the partial release across the hole, equations (1-10), (1-11) 
and (1-13). 
3) The VW gauge strains are calculated for 0 and 90 degree angles 
corresponding to £1 and £2' the maximum and minimum principal strains 
respectively. 
] ••• (1-161 
4) Substituting (1-16) into (1-8) and considering equation (1-12) and 
(1-13), the following relationship between the apparent stresses and the 
actual stresses is obtained. 
[
(Cf+Df)Kf-(Cn+Dn)Kn 
(-Cf+Df)Kf-(-Cn+Dn)Kn 
(-Cf+Df)Kf-(-Cn+Dn)Kn] [ 01 ] 
(Cf+Df)Kf-(Cn+Dn)Kn 02 
5) The inverse of the above relationship is equation (1-14). 
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The stresses and strains under plane stress conditions have the following 
relation. 
6 =[D] £ 
,... -
•..• (II-l) 
Where 
Q = p; j. £ = [~U ,.., "txy 
and 
E [ ~ ~ (J-~)/21 [D] = 1 1_~2 0 
The strain in direction ~ anticlockwise with respect to x axis when the 
strains are Ex' Ey and ~Xy is obtained from the following equation • 
••• • (II-2) 
In a rosette of strain gauges, Figure 11.1, where the strain gauges are 
at 0,45 and 90 degrees, by using equation (11-2) the strain gauges vector 
Si and strain vector ~ are related by 
§i = [T] g .••• (II-3) 
Where 
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and 
y 
Figure ILl 
Rosette of strain gauges 
Then ~ can be obtained from 
E: = [T]-I E:. 
,.., ,.." 
Where 
Substituting for ~ from (11-4) in (11-1) gives. 
2 = [D][T]-I ~i 
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or 
fi = [H] £. 
..., ...... 1 • ••• (11-5) 
Where 
[H] = _E_ [ ~ ~ ~ 1 
1_~2 (~-1)/2 (~-1)/2 1-~ 
To obtain ~i for a particular stress field, g, inverse of [H] is 
required, thus 
£. = [8] 5 
...... 1 ,.., •.•• (I1-6) 
where 
[8] = [H]-1= _1 [_~ -~ ~ ] 
E (1-~)/2 (1-~)/2 1+~ 
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